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Abstract 
Compounds with the formulae Nas[AlSi04]!X and M:zNII6[AlSi041IX where M = ea2+, 
Mg2+ and X = Se032-, SOl" and TeOl" have been prepared using solid state methods. 
Oxidation! reduction reactions under flowing oxygen, hydrogen or 90 % hydrogen /10 % 
hydrogen sulphide have been used to alter the nature of X by intercage reaction. Product 
purity was investigated by powder X-ray diffraction, vibrational spectroscopy and 
MASMNR Structural determination of new phases was achieved by the Rietveld 
analysis of powder X-ray diffraction data. 
Nas[AlSi04]6Se03 was prepared using hydrothermal methods and annealed under 
hydrogen or under 90 % hydrogen! 10 % hydrogen sulphide to produce Nas[AlSi04]6Se 
with cell parameter 8.9928 (7) A. Infra-red analysis showed the loss of the Se032- anion 
by the disappearance of the selenite bands at 816 cm"! and at 787 cm"!. Oxidation of the 
Nas[AlSi04]6Se using oxygen gas at high temperature produced Nas[AlSi04]6Se04 with 
cell parameter 9.0851(8) A, rather than the original selenite material, indicating that this 
intercage reaction is not reversible. Infra-red analysis indicated the presence of the seOl 
anion with the appearance of a band at 893 cm"!. 
Nas[AlSi04]6S04 was annealed under 90 % hydrogen! 10 % hydrogen sulphide to 
produce Nas[AlSi04]6S with cell parameter 8.9875 (4) A. Infra-red analysis showed the 
loss of the sol anion by the disappearance of the sulfate band at n05 cm"!. This 
reaction was teversible and Nas[AlSi04]6S04 was regenerated by heating Nas[AlSi04]6S 
under oxygen. 
Ca:zN86[AlSi04MTe03)2 was annealed under hydrogen to produce Ca:zN86(AlSi04)6T~ 
with cell parameter 9.08 A. Infra-red analysis showed the loss of the Te032- anion by the 
disappearance of the band at 773 cm·!. This reaction was repeated successfully under 90 
% hydrogen! 10 % hydrogen sulphide. Annealing experiments using similar temperatures 
on the compound Mg:zNII6[AlSi0416(S04h were unsuccessful. 
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CHAPTER 1 
I 
. , 
1.1 Introduction to Zeolite chemistry. 
1.1.1 Introduction 
'Zeolites are a well-known class of alwninosilicate mineral, which were first investigated by 
Baron Axel Cronstedt (1756).1 The name "zeolite", which is derived from the Greek zeo 
(to boil) and lithos (stone), was devolved from the mineral's ability to lose water upon 
heating. 
Zeolites consist of a three-dimensional framework constructed from vertex-sharing 
tetrahedral units. These tetrahedral units can be linked together to form building blocks, 
which connect together in a variety of ways, to produce a multitude of different zeolite 
frameworks. Water and/or exchangeable cations are often found within the zeolite cavities 
and channels created by this three-dimensional architecture. This structure of a rigid open 
framework together with weakly associated species (Figure 1.1), leads to the use of 
zeolites as cation exchangers, as molecular sieves for the separation of molecules, and also 
as catalysts for a variety of reactions. 
A Solvent 
molecule • Cation 
Figure 1.1: Schematic Diagram of a Zeolite 
Framework structure (hashed areas) interspersed with solvent 
molecules/cations. 
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1. 1. 2 Composition and Structure. 
Although a multitude of zeotype structures exist based on T04 tetrahedral units, such as T 
= pS+, Be2+, B3+, discussions in this thesis will be permanently focused on the true zeolite 
systems consisting solely of aluminate and silicate tetrahedra The general formula for 
zeolite composition2 is: 
Mn1+~M- 02+- [(--T- -T-)O ]X- [A A ] XI I ; X2 2 ; YI I; Y2 2 .. :-. 2(y1-+y2.~ •. ) Zl I; ZI 2-··. -~ ____ . ______ _ 
where: 
• Mln1+ and ~n2+ are cations with a charge nt, D2 which compensates the framework 
negative charge (xlnl + X2D2 + .... = x). 
• TI, T2 .... , are tetrahedral elements such as Si4+ or AJ3+. 
• AI, A2 .... , are either water molecules or ion pairs. 
The formula of a purely silicious framework constructed from vertex-sharing tetrahedra is 
"Si~", where each tetrahedral silicon is in charge balance with two divalent oxide anions. 
However, in an aluminosilicate framework, when trivalent aluminium replaces silicon, the 
formula becomes "AJ~~' and the framework become anionic. Exchangeable cations are 
therefore occluded within the framework to balance the negative charge. 
The incorporation of water molecules within the framework is dependent on the 
overall architecture of the zeolite molecular structure, i.e. size and shape ofthe cavities 
and channels, as well as the nature and number of cations present. 
1.1.3 Primarv and SecondarY Building Blocks. 
The simplest units found within the zeolite structure are the primary building blocks which 
are the simple tetrahedral units such as [Si04t and [AJ04f-. These link together to form 
2 
the framework structure by the formation of rings and cages, see Figure 1.2 for 
representation of a primary building block. 
-~-------- -- --.,....--~- -~ ------------
Figure 1.2: Primary Building Block. 
Tetrahedral cation (red sphere) surrounded by four oxygen cations (blue 
spheres) 
By vertex-sharing two, three or all four corners of their tetrahedra, these primary building 
blocks can produce a variety of different structures known as secondary building blocks. 
Secondary building blocks can be anything from simple single or double rings of four, six, 
eight or more tetrahedra to three-dimensional structures. Figure 1.3 shows the linking 
together, via a bent oxygen bridge, of two primary building blocks. Figure 1.43 shows two 
examples of secondary building blocks often found within zeolite frameworks. 
Figure 1.3: Vertex-linking of Two Tetrahedral Units. 
Two tetrahedral cations (red spheres) linked by an oxygen bridge (blue 
spheres) 
3 
I 
I 
---._ .. -- -- ---1 
I 
I 
~~---- --- -- - -~~ - - - -- --- - ~ - - ---- ~- -- ------
(a) (b) 
. Figure 1.4: Examples of Secondary Building Blocks. 
1.1.4 Tihing. 
a) Double Six-ring. b) Sodalite Cage (Each black line represents a T-O-T 
link (framework oxygen anions omitted for clarity) 
Apart from charge balancing, the occluded cations can also act as a form of spacer by 
preventing the open framework from collapsing. Since the occluded cations are often 
smaller than the size corresponding to maximum expansion of the cage, the framework 
must partially collapse to allow coordination of the framework oxide anions to the spacing 
cations. For example, Pauling (1930), determined the structure of sodalite; the smallest 
zeolite structure and also the secondary building block known as the f3-cage. The vorume 
of the sodaIite cage can he reduced to allow better coordination of the oxide anions in the 
framework to the spacing cations by "a partial collapse" or ''tilting,,4 of the tetrahedral 
units in the six-membered ring. The mechanism by which the framework reduces its cage 
vorume consists of co-operative rotation of the T04 tetrahedra about their 14 axes. The 
degree of tilting is measured by the tilt angle (0. Figure 1.5 shows clearly the tilting or· 
folding of a sodalite framework. S 
4 
~----'-------,--
---~~.--- . ......,.....,.---- ----
Figure 1.5: Tilting of the Sodalite Framework Tetrahedra 
Cooperative rotation about the four-fold axis causing partial ring collapse. 
1.1 5 Uiwenstein's Rule. 
Uiwenstein's rule6 states that the formation of Al-O-Al \inks is thermodynamically 
unfuvoured. This means that the majority of zeolites (which are prepared at low 
-temperatures using hydrothermal methods) have ordered frameworks, with no Al-O-Al 
links, and the highest Si: Al ratio is 1:1. Uiwenstein's rule' can be explained in terms of 
the negative charge on the [AlOz]" formula unit located in a tectoaluminate framework. 
Formation of links between aluminate groups would involve bringing together adjacent 
negative charges, which would be electrostatically unfavourable. Although Uiwenstein's 
rule is uniform in zeolite systems, frameworks do exist which are disordered, aluminate-
rich or even solely based on a1uminate tetrahedra Invariably these systems are formed 
using high temperatures andlor pressures to overcome Uiwenstein's rule. For example, 
strontium aluminate tellurite [Sr8(AlOZ)IZ(Te03)Z]8 was successfully prepared by heating at 
high temperature for an extended period (1200 0 C 148 h). 
5 
1.1 6 Cavities and Channels. 
The most important feature of the zeolite structure is the network of linked cavities or 
pores of well-defined size that allows the absorption of small molecules. There are many 
factors that affect absorption, but two of the most important ones are the size of the 
species relative to cavities or pores and the size of the window (pore-opening) leading to 
r the channel Table 1.1 shows that as the number of tetrahedra increases, the window size' 
i--" ---'-~d 'CavitY dianieter' also mcreasa------'--~-'-----'----------'------'--------'- "'---' 
Zeolites fall into three main categories based on the directions of their channels. 
The first category is where the channels are parallel to a single direction hence the crystals 
, are fibrous. An example of this is edingtonite' Ba[(Al02)2(Si<n)3].4H20, which has a 
characteristic chain structure that is formed by regular repetition of five tetrahedral units. 
The concentration of atoms found within this chain controls the fibrous nature of the 
crystal. See figure 1.6' for the structure of edingtonite, where each tetrahedron is linked 
to its neighbour through the oxygen bridges found within the chain. 
Table 1.1: Window and Cavity DiameterlA) for Various Zeolites. 
, 
Zeolite Number of tetrahedra Window diameter (A) Cavity diameter (A) 
within the ring. 
Sodalite 4 2.60 -
Zeolite - A 8 4.10 11.40 
, 
Erionite - A ' , 8 3.6Qx5.20 -
ZSM-5 10 5.10x5.50 -
Faujasite 12 7.40 11.80 
Mordenite 12 6.70x7.OQ 
-
6 
------ --"-_~ ____ ~ _____ ,,,,_ ~'7_~ ___ . _.,,-- __ _ 
• 
C=6.62A ~R. 
"J ~ .. ---. -- ----. A-----~.~-- --- . ---- ------------
\,~ 
• 
" 
Figure 1.6: . Edingtonite - Example of Fibrous Zeolite. 
Chain of tetrahedra constructing the fibrous strands of edingtonite. 
The second category involves the channels being parallel to two directions. Here the 
zeolite crystals have a lamellar type or layer-like morphology. An example of this is 
phillipsite, (K/Na)s [(SiOZ)1I(Al02)S). IOHzO, where, as seen in Figure l.7,9 the channels 
run parallel to the a-crystallographic axis. 
Figure 1.7: PhilIipsite - An example of A Lamellar Zeolite. 
Orthographic projection of phillipsite viewed along the a axis 
7 
The third category of zeolite structure has channels that run parallel to all three-directions 
of the unit cell axes. Figure 1.8 shows Zeolite-A, 9 which has a truncated cubo-octahedral 
structure where channels run parallel to three cubic axial directions through its large 
cavities. 
Many of the zeolite structures do not full neatly into this classification system. For 
example, ZSM-S9 has a dominant two-dimensional structure, which are interlinked by 
- ... _~~_. small channels. Although roughly 200 zeolite structures are now known, only forty of 
----< -._---,,-- - ,......~~---.--~----.--------------- ---- -
these have been found in the natural environment. The majority of~ite structUres3ie--~··----
now synthetic and new materials are continuously being discovered. This classification 
therefore provides a rudimentary guide, but many materials full between the boundaries of 
the system. 
Figure 1.8: Zeolite-A Structure - Example of a Cubic Zeolite. 
Zeolite A structure consisting of sodalite cages (A) linked together with 
secondary building blocks (four-membered rings) to form a large central 
symmetrical cavity (B). Identical channels run parallel to all the 
crystallographic directions. 
1.1.7 Zeolite Properties. 
Zeolites have four major industrial applications that are hased upon the nature of their 
framework as well as the size of their channels (cavities) and windows (pore-openings). 
8 
These can be classified into four major groups: desiccants, ion exchangers, catalysts and 
absorbents. 
1.1. 7.1 Desiccation 
Most zeolites contain water molecules that are normally coordinated to the exchangeable 
cations within the channels and pores. These structures can be dehydrated under vacuum 
---.-~-. or using thermal methods to produce materials that. can be_used. as desiccants to absorb 
- ~ - ,- -T --0;- -~ ---,._---_". ~-----~~"--'--_-"-____ --o-
water from solvents and gases. On dehydration, the occluded cations shift to sites oflower 
coordination closer to the framework oxide anions. On rehydration, the cations shift back 
to the sites of higher coordination to allow coordination to the water molecules. Since 
this process is reversible, the zeolite can be recycled and reused. 
1.1.7.2 Ion Exchange 
The most prolific usage of zeolites is as ion exchangers; approximately 60"10 of the total 
market. The ion-exchange characteristics of a zeolite are dependent on the size of the 
pores, the coordination environment present and particularly the aluminium:silicon ratio in 
the framework Frameworks with a high aluminium to silicon ratio, have highly charged 
frameworks which strongly attract the cations for exchange purposes. The sodium form 
of zeolite A1°is used as a water softener (or builder) in washing powders as the occluded 
sodium cations can be exchanged with calcium cations found within hard water. MAP, 
(maximum aluminium zeolite p),ll was also specifically developed for this purpose. 
1.1.7.3 Catalvsis 
Zeolites have rigid framework structures that generate controlled channel geometries and 
hence restricted access to active sites within the framework Zeolites are therefure shape 
selective catalysts as they do not allow molecules of the wrong shape to pass through the 
9 
channels. The shape selectivity can be used for molecules as reactants, products or even 
in the transition state, where only certain species will be able to enter or leave the zeolite. 
framework For example, shape selective catalysis can be used to produce a single isomer 
of dimethylbenzene from a racemic mixture using H_ZSMS.12 Although transition metal 
substitution into frameworks can produce oxidation/reduction catalysts, zeolites are 
mainly used for acid mediated catalysis. The acidic forms of zeolites are generated either 
.. _" __ hy ion exchange in weak acids or by exchange with an antffionium sah followed by thermal 
treatrn~.-The ~cid ~tivesof zoolites-eaneither be in the Bnmsted form, where the 
._-------
protons are attached to the framework tetrahedra, or in the Lewis form, which is obtained 
from the dehydration of the BrfMlSted acid form, as seen by Figure 1.9.13 
~ H / s· +H \~-
-j '-0 +? \ ~ 
------.;/ ---O--H-_O--::-Si -
I \ +~/ \--
sr AI-/' \ .1 
Figure 1.9: Lewis and Bnmsted Acid Site Formation in Zeolites. 
Acidic sites in zeolites typically form by ion exchange (weak acid or using 
antffionium sahs followed by dehydration). 
1.1.7.4 Absorbents 
The open nature of the zeolite structure can allow small molecules to be absorbed. The 
size, shape and type of molecule absorbed depends on the geometry of the pores and the 
aluminium:silicon ratio. Frameworks with a higlt a1uminium:silicon ratio are bydrophilic 
and attract polar molecules such as water or ethanol Silicon-rich frameworks are 
hydrophobic and are absorbents for non-polar molecules such as benzene. The first 
example of a zeolite adsorbent was chabazite14 (1932), which can absorb and retain small 
10 
. 
polar molecules such as fonnic acid, but not non-polar large molecules such as benzene. 
Siliceous chabazite is used commercially for the adsorption of sulfur dioxide emissions 
from chimneys . 
The zeolites that are used as absorbents can be regenerated after use by heating 
and evacuation or flushing with pure gas. It is possible to "fine-tune" the pore opening of 
a zeolite to allow the adsorption of a specific molecule or specific molecules. For example, 
changing the sodium cations with calcium cations within Zeolite-A can resuh in the 
.. -. --~~- separation' of branched· and cyclic a1kanes from. straight _ chain alkanes.'s Table 1.2 
, .- --_._-- -.------...,~~-----------._c__--_ _,_.._-____ . __ 
summarises some typical industrial applications'6 of zeolitic materials. 
Table 1.2: Examples oflndustrial Zeolite Appli91tion§. 
Fields of 
applications 
Refineries and 
petrocherniciil-
industry. 
Industrial 
gases 
Drying 
Paraifms,olefins 
acetylenes; reformer gas 
hydro cracking gas 
solvents 
H2, N2, 02, Ar, He, 
CO2, natural gas. 
Purification 
'''S weetening" . of liquid 
petrol gas and aromatics.-
Removal of C02 from 
olefin-containing gases. 
Purification of synthesis 
gas. 
'''Sweetening'' and C02 
removal from natural gas, 
removal of hydrocarbons 
from air, preparation of 
protective gases. 
Separations 
Normal and branched 
chain a1kanes. ~ __ 
Aromatic compounds. 
Industrial 
furnaces 
Exogas 
cracking gas 
reformer gas 
Removal of CDl and NHJ Nitrogen and oxygen. 
from exogas and from 
anunonia fission gas. 
I Sweetemng IS the removal ofsulfur containing compounds. 
11 
1 2 Intercage reactions. 
1.2 1 Introduction 
Intercage reactions involve the conversion cof an encapsulated species from one form to 
another using the zeolite framework in the role of a reaction vessel Intercage reactions 
cao allow the preparation of encapsulated unstable or transient species, which are 
stabilised by guest-host framework interactions. A prominent example of the use of a 
zeol~ic framework to stabilize a transient species is that of ultramarine. 17 Ultramarine is a 
brightly coloured pigment whose structure is a basic sodalite unit that contains 
encapsulated polysulfide species. Polysulfide species, such as the intense blue, S3-, are 
normally only stable in solution at low temperatures (25°C), but here the zeolite 
framework stabilizes the species up to 500°C (Figure 1.10) . 
• 
Figure 1.10: The Structure of Ultramarine 
Sodalite framework consisting of linked tetrahedra (orange and white 
spheres) containing sodium cations (yellow spheres) and a central Si 
species (red spheres) 
In nature, only the polysulfide species are observed in the mineral Lapis Lazuli, but / 
synthetic copies of ultramarine using polyselenide and even polytelluride species as well as 
;>' 
12 
polysulfide species have been produced synthetica1ly.18,19 Industrially, the nature of the 
encapsulated ~- species can be manipulated post synthesis by reaction with ammonium 
chloride or dry hydrogen chloride gas to change the encapsulated species and produce 
ultramarine purple and pink respectively,z° Many types of intercage reaction can be 
performed including thermal decomposition, oxidation/reduction reactions as well as 
chemical modification as seen in the case of ultramarine above. However, the use of 
forcing conditions such as temperature and pressure is limited by the stability of the 
framework. Under strong conditions, zeOlite frameworks collapse to produce metal salts 
and the semi-condensed alurninosilicate, nepheline. 
Although intercage reactions have been performed in many different zeolites such 
as Zeolite Y (quantum dots of Cd si 1 and Zeolite A (Ag nanowires),zz by fur the most 
prolific host for intercage reactions is the sodalite cage. This is mainly due to the 
particular stability of the l3-cage, where zeolites with larger cages such as Zeolite A, often 
collapse to form this smaller cage on heating. 
1.2.2 Sodalite Intercage Reactions 
Interest in using the zeolite framework in the role of a reaction vessel is due to the zeolite 
structure having well-defined cavities and channels of a certain molecular dimension. Ion-
exchange or gas diffusion allows ions or molecules, which are smaller or the same size as 
any given zeolite channel or cavitiy, to pass through and modify enclatharated species by 
chemical reaction. 
Jaeger (1929)23 was one of the first to determine the presence of an anion within 
the sodalite framework and deliberately perform an intercage reaction by ion exchange. 
Jaeger showed that the small cations within the framework could be freely exchanged but 
the larger anions could only be released by breaking down the framework. Since then, 
many experiments have been performed which show that these large anions can however 
be ~odified pOst synthesis. 
13 
The general formula2• for a sodalite system is [Ms] [TI'O.][X2]. A diverse composition 
range exists for this framework in terms of both the tetrahedral framework species (T) and 
the many different cations and anions that can be incorporated within the cage. Although 
unusual systems exist, such as frameworks consisting of only silicon tetrahedra2S or even 
where nitride bridges replace the oxide links, 26 the majority of materials are aluminosilicate 
based. Many different cations and anions can be incorporated within the sodalite 
framework by tilting of the tetrahedra out of their normal planes and also by deviation 
from perfect tetrahedral geometry around T (T'). Natural sodalite has the formula 
Na8[AlSiO.]£h27 but the structural flexibility of the sodalite structure has allowed many 
different cations and anions to be incorporated within the cage. Both monovalent (Lt, 
Kj28 and divalent (ea2+, Scj29 cation-containing sodalite materials have been synthesized. 
However, the major fleXIbility lies in the enormous range of anions of different sizes and 
shapes the framework can incorporate. Both inorganic and organic moieties can be 
incorporated such as SOl",30 SCN,3\ Br_/2 MnOi/3 CH~.3. 
A diagram depicting the structure of natural sodalite Na8[AlSiO.]6Ch, which was 
originally determined using single crystal X-ray diffraction by Pauling4 (1930) and further 
defined by Lons and Schlds is shown in Figure 1.11. The sodalite structure is composed 
of a framework of vertex-sharing (AI,Si)04 tetrahedra built into four and six-membered 
rings, which produce the truncated 14-hedron known as the ~cage. 
Figure 1.11: Polyhedral Representation or the Sodalite Cage 
Sodalite cage constructed from T04 (red) and T'O. (blue) tetrahedra. 
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Each {J-c::age contains eight six-membered rings, each of which is shlired between two {J-
c::ages. These six-membered rings form channels that are parallel to the cube diagonal The 
{J-c::ages are stacked within an ABCABC... sequence to give the sodalite its cubic 
symmetry. Each {J-c::age contains a (N1I4.CI]3+ tetrahedron where the cr anion is 
tetrahedrally coordinated to four Na + c::ations ( Figure 1.12).27 
Figure 1.12: The Structure ofNaa(AISi04].Ol showing Central (Na..O]3+ unit 
Framework consisting of tetrahedral (AVSi) species (red spheres) linked via 
oxides bridges (not shown) containing a centrally placed chloride anion 
(pink sphere) coordinated to four sodium c::ations (blue spheres) 
. The sodalite group of zeolites is extremely diverse and wide-ranging and the enormous 
number of compounds has been sub-divided into a number of different groups depending 
. on their exact formulae. The names of these groups are often based on minerals that have 
the same general formula, as the discovery of the mineral normally preceeded the synthesis 
of similar materials in the laboratory. For example, two such groups of particular 
relevance to the work presented here are the hauynes and the noseans. The hauyne3• 
general formula is Ml"'Nao[AlSiOd.(XOl'h where M2+ is a divalent c::ation such as ea2+, 
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or Sr+ and X is an oxoanion such as sot or Moot/6, 37 which occupy the ~cages. The 
nosean30 general fonnula is Na8[AlSi04MX) where X is the divalent anion which occupies 
ahernate ~cages within the nosean structure. Examples of divalent anions include sol-,30 
Mool- and crOl-.33,37 Typical space groups and cell parameters obtained for sodalite, 
nosean and hauyne systems are given in Table 1.3.38 
Table 1.3: Typical Cell Parameters and Space Groups ofSodalite-Based Systems. 
Mineral J3-cage cluster. Space- Cell 
group dimension! A 
Sodalite3 100 % [N84.C1]3+ . P-43 n 8.882 A 
Na8[AlSi04]6C\z 
Nosean38 50% [Na2S0d P-4 3 n 9.084 A 
Na8[AlSi04]6S04.H2O 
Hauyne34 75 % [NaaCaS04],+ P-43n 9.166 A 
N84.rCa2K[AlSi04MS04)l.s(0H)0.s 25 % [K2Ca.0H] 3+ 
1. 2. 3 Examples ofIntercage Reactions. 
Many different types of intercage reaction are present in the literature. One of the first 
examples of a socialite intercage reaction was the thermal treatment of thiocyanate-based 
sodalite to generate uhramarine. Hund (1984)39 prepared sodalites containing cyanide 
(eN), thiocyanate (SCN) and nitrite (ND2) anions via a solution based method which now 
bears his name. Sodium aluminate, sodium metasilicate and the sodium salt of the 
appropriate anion were mixed together in a sodium hydroxide solution and heated under 
reflux to yield the desired sodaIite containing the appropriate anion Them1aI treatment of 
the thiocyanate based sodalite in air at 500°C yielded a deep blue coloured solid, in which 
S3 -was identified by Raman spectroscopy. A similar experiment was performed in nitrogen 
to generate a sodalite cage containing the Si anion 
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Weller (1990)40 also studied the thermal stability of complex anions such as thiocyanate 
encapsulated within the sodalite cage. The white compound, thiocyanate sodalite, was 
heated up to 850 ° C as described by Equation 1.1. 
600°C 850"C 
Na8[AlSi04MSCNh.xH20 -~) Na8[A1Si04MS3-, S2}-~) Na8[A1Si04]6S04 
White Blue White 
Equation 1.1 
At 600°C, the solid changed in coloration from white to intense blue. This conversion was 
monitored by infra-red spectroscopy where the srn asymmetric stretch at 2070 cm-I was 
replaced by the asymmetric OCN' stretch observed at 2170 cm-I. The presence of Si, 
which was responsible for the blue colour, was confirmed by U.V spectroscopy. Heating 
the blue solid above 600 0 C, to about 850 ° C, for long periods of time achieved a second 
colour change from blue to white. The identity of the central anion was again monitored 
by infra-red spectroscopy to observe the intercage reaction as a function of temperature. 
Initially the OCN band increases in intensity at the expense of the SCN band until both 
bands disappear upon prolonged heating and a sulfate group is generated (vI = 1170 cm-
1!4 U.V spectroscopy on this white solid showed no presence of S3-. The product was 
also characterized by indexing powder X-ray diffiaction data collected over an extended 
period. The hypothetical formula of Na8[A1Si04]6S04 (or sulfute nosean) was confirmed 
by determination of its cell parameter of9.073 A, which was in close agreement with the 
literature value of 9.067 A for the mineral!1 
Another early example of a deliberate intercage reaction was the theriuat 
decomposition of perchlorate and chlorate based sodalites performed by Barrer (1970) .• 2 
The parent chlorate and perchlorate sodalites were prepared by hydrothermal synthesis. 
Thermal treatment of the products resuhed in sodium chloride based soda\ites, and the 
loss of oxygen was detected as a by-product of the decomposition by mass spectroscopy. 
Weller and Haworth (1991)33 prepared perchlorate (CIO.) and permanganate 
(MII0.) based sodalites using the Hund method These sodalites were therrnally 
. . 
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decomposed as shown in Equations 1.2 and 1.3, to study the stabilizing effect of the 
framework on the encapsulated anion 
~a.[i\tSi()416(~()')Z 
Purple 
1bermaI dcoompooitiool 500 OC 
Equation 1.2 
------~) Na.[AISi().]~()4 +~()4 + ()z 
Green 
~(). oxidation state: VII ~()4 oxidation state: VI 
Equation 1.3 
After heating the encapsulated purple permanganate sodalite to 600 0 C, a dark green solid 
was obtained with a celIdimension of9.l04A. Infra-red analysis indicated the conversion 
of the encapsulated purple permanganate ~().) anion to the green manganate anion 
~()l) by disappearance of the permanganate Tz absorption at 911 cm·1 and the 
appearance of the manganate Tz absorption at 841 cm·l . 
After heating the encapsulated perchlorate sodalite above 500 0 C it was seen that 
the cell dinlension decreased from 9.l01A to 8.911A, while infra-red analysis showed the 
loss of the perchlorate infra-red active absorptions. The lattice parameter obtained from 
Rietveld analysis of. powder diffiaction data was sinli1ar to that of sodium chloride 
sodalite, which confirmed the formation of a chloride-based sodalite. 
A slightly unusual intracage reaction was performed by Buhl (1991),3 using nitrite 
bases sodalite. Planar anions such as carbonate and nitrate do not normally exist within 
the cubic structure of the sodalite cage due to the template effect," but generally template 
structures such as cancrinite which have hexagonal symmetry." In this work, Buhl 
managed to generate the trigonal planar nitrate group by treating the parent nitrite anion 
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with oxygen in an intercage reaction. Nitrite based sodalite was prepared via hydrothermal 
synthesis and oxidized to nitrate based sodalite using oxygen gas at 697°C. The formation 
of the encapsulated nitrate anion (90 % of nitrate and 10 % nitrite) as described in 
Equation lA from the nitrate anion was monitored hy infra-red spectroscopy . 
• 
Heating in oxygen /691 c· 
Equation 1. 4 
The infra-red analysis showed that the nitrite asymmetric stretch at 1270 cm"l. was 
replaced by the nitrate Tz stretch at 1385 cm"l. This formation was also confirmed by an 
. increase in the cell dimension from 8.931A to 8.975A. The increase in unit cell 
parameters, with rising nitrate content, was confirmed by a decrease in the frequency ofT-
0-T Vibration bands within the mid infra-red region (750 - 600 cm"l) as the cage expanded 
to accommodate the larger anion. 
At a similar time, Buhl (1991)45 also prepared a basic nitrite based sodalite 
[Nas(AiSi04).;(N0z)(ORHzO»), which was then heated under a carbon dioxide stream at 
697 ° C (Equation 1.5). From infra-red analysis the "OH stretch between 3000 - 3700 cm"1 
and OH bend at 1600 cm"1 were replaced by the asymmetric stretch of the carbonate anion 
at 1450 coil. 
• 
697 C 
Equation 1.5 
This reaction was partially reversible as thermal treatment and cooling under carbon 
dioxide could decompose the carbonate group and regenerate the nitrite-based host. By 
heating the carbonate based nitrite sodalite [Nas(AiSi04).;(N0z)(C<>J») to 847 ° C as 
shown in Equation 1. 6, nitrate sodalite was generated at high temperature and slow 
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cooling in carbon dioxide reduced the nitrate species back to nitrite (Equation 1.7). The 
decomposition of the carbonate anion caused the oxidation of the nitrite to the nitrate 
based sodalite at high temperature. 
• 
841 C 
Equation 1.6 
• 
697 C 
Equation 1.7 
A series of sodalite frameworks containing organic species were prepared by Sieger and 
Wiebcke (1995)46 Organic species in sodalite systems can also undergo intercage 
reactions, although these are largely irreversible as they normaIly result in decomposition 
of the enclatharated organic moiety. In this case, formate based sodalite was thermally 
decomposed by annealing in air (850 0 C) or under oxygen (650 0 C) to form a carbonate 
based sodalite, as shown in Equation 1.8. In a similar way to the nitrate system discussed 
previously, carbonate based sodalites also cannot be synthesised directly from solution as 
the carbonate anion has D3h symmetry and preferentially templates the cancrinite 
structure. 
Equation 1.8 
The cell parameter offormate sodalite was calculated to be 9.077A, while the infra-red 
analysis showed the presence of the formate anion by the presence of two characteristic 
absorptions at 1352 cm,l and 1613 cm,l. After thermal decomposition, a decrease in cell 
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dimension to 9.040A was observed as the larger fonnate anion was replaced by a smaller 
carbonate anion. In addition, infra-red analysis indicated loss of the fonnate absorptions 
and the appearance of the asymmetric carbonate stretch at 1427cnil . 
1.2.3.1 Nosean Intercage Reactions 
The first example of a nosean intercage reaction was the preparation of a carbonate-based 
nosean47 by using a basic nitrite sodalite as a starting material This nitrite-based sodalite 
was heated in a carbon dioxide stream, firstly at 600 0 C and then at 750 0 C. The cell 
parameter of the product was determined by powder X-ray diffraction to be 9.000A; 
indicating an expansion of the cage as a result of the oxidation of the nitrite group. Infra-
red analysis aided identification of the product by the appearance of characteristic 
carbonate absorptions. 
The second example of a nosean intercage reaction was the preparation of a 
chromate-based nosean by Hund (2002).39 Chromate-based sodalite was produced under 
reflux (105 0 Cl 24 H) using sodium aluminate, sodium silicate and sodium chromate 
dissolved in sodium hydroxide. An intercage reaction was peformed on the product by 
heating with excess sodium chromate at 1000 0 C for two hours to yield a lemon-yellow 
coloured material. Elemental analysis by Inductively Coupled Plasma Mass Spectroscopy 
and chemical analysis determined the composition of this pigment to be NlI8[A4t28Si,;. 
26024)(Cr04)1-6. X-ray diffraction determined the cell dimension of the new sodalite to be 
9.080A while infra-red analysis indicated the presence of the encapsulated chromate anion 
by an absorption at 890 cnil . 
1.2.3.2 Intercage Reactions in Aluminate Sodalites 
A1urninate sodalites are unusual sodalites as they are based solely on a framework 
constructed from alurninate tetrahedral High temperature is typically used to overcome 
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the limitations of LOwenstein's Rule and allow the fonnation of Al-O-Allinks. In addition, 
orientational ordering of large entrapped anions in the alurninate system can also lead to a 
doubling of the typical 9 A cell parameter nonnally observed for aluminosilicate soda1ites 
Weller and Brenchley48 prepared strontium and calcium alurninate-based sulfates using the 
synthesis method described by Depmeier.49 The host su1fate materials were annealed under 
hydrogen (900 ° ct S 11), according to Equation 1.9, to yield calcium and strontium 
sulfide within the alurninate framework. Rietveld analysis of powder X-ray diffraction data 
confirmed that a reduction reaction had occurred and the supercell reflections were lost. 
The much smaller sulfide anion was not large enough to produce orientational disorder, 
and the normal unit cell for a sodaIite was observed. The cell dimension decreased from 
IS.40S A (doubled unit cell) to 9.022A. for calcium sulfate alurninate and from IS.SISA to 
9.257 A for strontium alurninate sulfate. 
H 1900"C 
2 
Equation 1.9 
Strontium ahuninate seleniteso sodalite was also prepared by the same authors and treated 
. in the same way. Annealing under hydrogen (S50 °cts 11), as shown in Equation 1.10, 
produced strontium alurninate selenide. X-ray diffraction showed that a reduction reaction 
had occurred as the cell dimension for strontium alurninate se1enite was reduced from 
9.432A to 9.305A for strontium alurninate selenide. Infra-red ~lysis showed the loss of 
the asymmetric selenite stretch at 750 cm·t • 
H 1900"C 
2 
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Equation 1.10 
Weller and ·Dann prepared strontium aluminate tellurite,8 which was then heated ~der 
hydrogen (850 0 Cl 8 H), as depicted in Equation 1.11, to produce strontium aluminate 
telluride. X-ray diffiaction confirmed that a reduction reaction has occurred as the cell 
dimension was reduced from 9.425A for strontium aluminate tellurite to 9.379A for 
strontium aluminate telluride. Infra-red analysis showed the loss of the asymmetric tellurite 
stretch at 758 cm-I. EXAFS and MASNMR were also used to confirm the presence of the 
TeOl- anion in the sodalite cage. 
Equation 1.11 
1. 2.4 A Case Study oflndustrial Intercage Reactions 
One of the major applications for intercage reactions is the preparation of ultramarine 
pigments. Uhramarines17 are sodalite-based structures that contain various chromophores 
such as Si, S3-, Sei and Tei. These chromophores are responsible for the ultramarine's 
colour. The mineral "lapis lazuh" whose name is a mixture of the Latin word for stone 
(lapis) and Persian word for blue (lazuli) is the natural version of ultramarine. The name 
ultramarine was first applied to lapis lazuli when the material was imported from overseas, 
as ultramarine comes from the word ultramarinium or 'beyond the sea'. This pigment was 
used asa bright, but expensive, painting colour and hence there was a potentially high 
demand for synthetic materials that could be prepared more cheaply. Today, ultramarine 
is used as a pigment for the colouring of plastics, cosmetics and ceramics and it is used as 
a brightener in washing powder. 
J. B Guiment and G. G Gmelinsl were amongst the first people to carry the earliest 
synthesis of ultrarnarines. The first available analysis on ultramarine was performed in 
1906, which determined the encapsulated sulfur species to be the chromophore. UV 
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visible spectroscopy was used on blue ultramarine to determine the presence of blue Si 
anion at 595 run (16800 cm-I) and small quantities of the yellow Si anion at 380 - 400 nm 
It is possible to produce greenish-blue, turquoise and deep green coloured ultramarines by 
alternating the Si I Si ratio. To prepare ultramarine blue, the S3- anion has to be in excess 
in order to give the blue colour. Ultramarine green has the ~ - and S3 - anions arising in 
nearly comparable portions. Raman spectroscopy has proved an invaluable technique for 
the identification of ultramarine type materials, and zeolites in genera~ as fortunately the 
majority of the framework vibrations are not Raman active. 52 This technique allows the 
vibrations of the encapsulated species to be observed easily and separately from the 
framework. 
It can be ascribed that these large suJfur anions can cause steric constraints within . 
the sodalite cages. Therefore the sulphur radical has to be generated simultaneciusly within 
the zeolite cage during zeolite formation. Several hypotheses have been proposed in 
relation to the encapsulation of S2 - and S3 -polysulfides within the sodalite cages. Linder53 
claimed that the chromophores have to be inserted into the cages during syothesis. Booth54 
suggested that small colourless suJfur species can diffuse into the sodalite cage to form a 
colourless intermediate ultramarine, which is then transformed into the coloured 
ultramarine during oxidation by S02. Tarling55 used X-ray diffraction to study the 
synthesis of the blue pigment and indicated that the product was obtained before the 
oxidation step. 
GobeItz et af6 prepared samples ·of blue ultramarine pigments from reaction 
mixtures containing metakaolin, su\fur, sodium carbonate and reducing agent These 
samples were then heated and maintained at 750 0 C for a given time period. This 
synthesis was interrupted at different temperatures during ramp and temperature plateau. 
At 600 0 C or below a colourless solid was obtained. From EPR the presence of S3 - was 
not detected and IR spectroscopy showed no presence of the sodalite framework. At 300 
o C the IR spectrum showed the presence of metakaolin and thiosu1fute. Also from infra-
red analysis a weak band was seen at 1440 cm-I which indicated that sodium carbonate 
was completely decomposed. At 650 0 C the sodalite structure was prepared, as seen from 
its IR spectrum, while above 650 0 C a blue product was obtained. Raman spectroscopy 
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on this blue solid showed the presence of Si anion at 545 cm-I while infra-red analysis 
showed the S3- anion at 580 cm-I. 
By changing the nature of chromophores encapsulated within the sodalite cage 
different colours can be observed. For example by replacing S with Se a red-brown 
selenium ultramarine is produced. Also by replacing the S with Te a blue-green tellurium 
ultramarine can be obtained. Selenium uhramarine was first prepared by Plique and 
Guiment (1877)51 as a brilliant reddish-brown pigment. Linder and Reinenl8 adapted this 
method to obtain a brilliant red ultramarine by optimizing the reaction conditions. The 
selenium ultramarine structure has the following composition [Nas(A1SiO')2.Stl2] where 
every second cage is occupied by Stl2 2-. 
Clark20 carried out a resonance Raman study on brick-red selenium ultramarine 
pigment, which showed one absorption band for the Se at 335 cm-I that lies in between 
390 cm-I for Stl2 and 250 cm-I for Stl22-. Although selenium uhramarine has weak colour 
intensity it can eventually be used in substituting red pigments like CdS or CdSe, which 
have had to be withdrawn from the market for environmental reasons. 
Depending on preparation procedures, greenish to blue-based tellurium 
ultramarines can be obtained. Linder et ai9 prepared tellurium ultramarine via heating a 
mixture containing kaolin, sodium carbonate, sodium chloride, activated carbon and 
tellurium at 890 0 C for 30 min The obtained black powder was then fired at 800 0 C to 
oxidize the excess carbon, to yield a green~blue solid 
From its X-ray diffraction analysis, a sodalite-type solid was obtained with the cell 
dimension, 8.980A. It is impossible to incorporate ditellurium species within the sodalite 
cage due to steric constraints occurring because of a mismatch between the cage size and 
ditellurium dimensions. Due to this steric constraint only half of the cages are centered by . 
cr anions but only 25 % of the cages were occupied by ditellurium species. The elemental 
analysis on the tellurium ultramarine gives the following composition [Na9.4(A16.1 ± o.2Sis.9± 
0.2024)6Ch.2± 0.1 Tel.l± 0.2]. From Raman resonance spectroscopy, it was determined that for 
green-blue tellurium ultramarine there are two bands seen at 226 cm-I and at 240 cm-I. For 
blue tellurium uhramarine only one band was observed at 230 cm-I. 
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It is possible to produce an ultramarine analogue that undergoes a reversible colour 
change. An example of this was the preparation of Zeolite-A using ammonium 
polysulfide, which was Carried out by Kowalak and Strozyk ss Zeolite NaA was 
impregnated with (N1i4)S, which was then calcinated at 800 0 C either with or without a 
reducing agent to produce a light blue solid at high temperatures. This blue so lid is turned 
back to a white solid at temperatures below 600 0 C. This colour change is reversible as 
this heating-cooling experimentwas repeated more than a dozen times without a change in 
colour intensity of the hot sample. 
1 3 Scope of this work 
The work presented in this thesis is an investigation into the use of hauyne and nosean 
structures as hosts for intercage reactions. A variety of different materials have been 
prepared which are modified by different treatments and then regenerated. The majority 
of the species of interest are based on the chalcogenide group that have a range of 
oxidation states available for oxidation/reduction reactions. Characterisation is performed 
using a variety of techniques including powder X-ray diffraction, vibrational spectroscopy 
andMASNMR. 
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CHAPTER 2 
2.1 Introduction to Zeolite Synthesis. 
2.1.1 Briefhistorv of zeolite synthesis. 
The first recorded synthesis of a zeolite dates back to 1862, when Deville reported the 
synthesis of levyne (leuynite i from a reaction mixture containing potassium silicate and 
sodium aluminate. Other early attempts to produce natural zeolites are also documented2 
but due to the non-availability of X-ray diffiaction techniques at that time, conclusive 
evidence to support the synthesis of zeolite systems was not forthcoming. 
In the early 1950's, Milton3 (Union Carbide) developed an easy method for the 
preparation of zeolite systems with large apertures. This method involved using reactive 
alkaline aluminosilicates and low crystallization temperatures i.e. between 80 and 150°C. 
At a similar time, Barrer and co-workers4 investigated the formation of various zeolite 
structures at temperatures between 60 and 450°C. Reaction mixtures of composition 
M2InO ; Ah03 : nSi02 ; bH~ were used over this wide temperature range. By varying the 
base nature (Lt, Na+, K+, Rh+, Cs+, Ca2+, sI+, Ba2+ and~) and parameters a, b and n 
of this mixture, a variety of aluminosilicate frameworks such as Zeolites A, X and P were 
synthesized with a Si:Al ratio < 5:1. 
Later, Barrer and Coles (1968) prepared a series of salt-inclusion felspathoids 
with a Si:Al ratio of 1:1 using kaolinite, anionic templates such as pure salts and 
hydroxides ofLi+, Na+, K+, Rh +, Cs + and low temperature conditions (80 - 110°C). These 
authors also studied the hydrothermal transformation of kaolinite6 to sodalite and 
cancrinite frameworks, which allowed the imbition of various salts such as NaN03, 
NaOH and NaCI. 
Today numerous methods are used to produce zeolite structures including high 
temperature synthesis and template-mediated reactions. A brief overview of the major 
methods used and their supporting theories are highlighted below. 
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2 I 2 Methods used for the Synthesis of Solid State Structures 
The preparation methods used for generating solid-state structures are quite different to 
those used for the synthesis of discrete molecules. In organic or inorganic systems, 
alternating the functional group, or the ligand attached to these systems, can change the 
nature of the discrete molecule completely. For solid-state structures, the complete solid 
lattice has either to be built or modified in a single attempt, as the product can not be 
purified post-synthesis. The methods commonly used for the preparation of solid 
structures such as zeolites include high temperature reactions, hydrothermal synthesis and 
ion exchange. 
2.1.2.1 High temperature reactions. 
High temperature reactions involve mixing together stoichiometric quantities of various 
reactants and heating them at high temperatures over a certain extended time period. An 
example of this is shown in Equation 2.1, which describes the synthesis of a calcium 
based hauyne CazNa.;[A1Si04MS04h.7 The temperature needed to prepare 
aluminosilicate fiameworks in the solid state can range from 800 to 1250 0 C. 
SOOOCl24H 
Equation 2.1 
Increasing the temperature of a solid-state reaction can speed up the reaction process as 
the higher temperature increases the rate of diffusion of the ions. The limit of this 
behaviour is seen when the solid mixture melts and the ions become highly mobile. 
Unfortunately this process is not favoured since most solids melt incongruently and 
produce mixed phase productS. As the reaction progresses in the solid state, the diffusion 
paths become longer with time and the reaction slows down. This is due to a growing 
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phase boundary between the reactanls, as the products fonn at the interface between 
them. 
The rate of the reaction can be improved by increasing the amount of interfacial 
contact of the particles within the sample by the process of pelleting or by intennittent 
grinding during the heating period. There is no exact way to monitor the rate of reaction 
except by the process of trial and error. 
If one or more componenls within a reaction mixture are volatile at high 
temperature or air sensitive, then the whole reaction mixture is sealed in a quartz tube 
under vacuum before heating. An example of this is the reaction between sulfur and 
thallium (Ill) oxideS to produce thallium sulfide. Sulfur and thallium (Ill) oxide are both 
volatile at 500 °C; if these materials were heated in an open vessel, both materials would 
be lost non-stoichiometrica1ly from the reaction mixture which would lead to impure 
products . 
. 2.1.2.2 Hydrothermal Synthesis. 
By far the most common method for the preparation of zeolites and zeotype structures is 
the hydrothermal method. Hydrothermal synthesis usually involves the heating of a 
reaction mixture above the boiling point of the solvent. An example is shown by 
Equation 2.2, which depicts the hydrothennal synthesis of zeolite A 9 
9O"C 
Equation 2.2 
The hydrothermal preparation of a zeolite structure involves the cl)'stallization of silicate 
and a1uminate solutions under alkaline conditions using templates such as a sodium salt 
e.g. NaN03. A gel is formed by the co-polymerization of silicate and aluminate ions, 
which is then heated under hydrothermal conditions (60 - 220 ° C 124 - 96 hours) to 
yield the desired zeolite. 
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Two mechanisms have been proposed to explain the crystallization of a gel to form a 
particular zeolite. The first mechanism involves the gel being transformed into a 
crystalline zeolite by a solution-based method. The second mechanism involved the gel 
being transformed into a crystalline zeolite by a solid-state reaction. The first mechanism 
is dependent on the solubility of the gel. The solubility has to be high enough to produce 
a solution whose supersaturation can be adapted to the crystallization of a zeolite, 
providing other species such as the templates are available. As the framework-forming 
species in the solution bind to the crystals, new ones replace them, resulting in gel 
dissolution. This mechanism is represented by Figure 2.1 10 and is supported by numerous 
experimental observations in the literature. 
Figure 2.1: Representation of Zeolite Formation through Gel Dissolution and 
Solution Mediated Crystallization. 
Apart from acting as a reservoir for reactants, the gel can also regulate concentration 
levels in solution. If this function is no longer ensured, then any modifications in the gel 
solubility can result in a lower dissolution rate compared to its crystallization rate, thus 
causing the formation of less soluble or alternative based zeolites. In addition, the first 
fully formed zeolite can play the role of a reactant reservoir by dissolving in favour of a 
more stable zeolite. 
The Ostwald rulell states that if a system is far from equilibrium then the 
intermediate metastable phase will generally crystallize out before the 
thermodynamically stable phase. For example, in a clear a1uminosilicate solution, when 
NaOH concentration is 3 M, Si / AI = 1 and the temperature is 60 0 C, zeolites in the 
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order A, X, losod and sodalite will all crystallise out, as the concentrations of [Si02]"" and 
[A102t decrease from 90 to 40 mmor1. This observation is related to the solubility of 
the particular zeolite phase under these conditions. This effect is shown schematically in 
Figure 2.212 which depicts different nucleation rates as a function of the two metastable 
phases (gel and zeolite A) together with a single stable phase (zeolite B). The drop in 
concentration of a highly supersaturated solution, due to metastable phase formation, can 
allow the nucleation and growth of a less metastable phase and finally, the stable phase. 
[Si. Al] in the inital mixture 
gel metastable 
zeohteA metastable 
zeolite B stable 
Nucleation rate 
Figure 2.2: Nucleation Domains and Rates as a Function of the [Si, AI) Species 
Concentration for the Gel and for Two Zeolites B and A Comparing 
with Solubility Levels. 
The second mechanism involves the gel being transferred "in~situ" into a crystalline . 
zeolite by a solid-state reaction, as seen by Figure 2.3.13 Barrer13 noted that even if a 
crystal, which has a lower density relative to the crystalline phase, is nucleated in the gel 
solid phase it can cause gaps between the growing crystals and gel. 
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Figure 2.3: Representation of Zeolite Formation by "in-situ" Rearrangement of 
the Gel. 
2.1.2.3 The Role of the Mineralizer 
Mineralizers can facilitate the synthesis of zeolite frameworlcs via easing the metastable 
phase through a dissolution-precipitation or crystallization process. One of the major 
roles of the mineralizer is to increase the overall solubility, i.e. the concentration of all 
species, by increasing the dissolution, condensation and conversion rates between 
different species. This maintains the availability of useful species at the level needed for 
nucleation and crystal growth. 
The mineralizer can also affect the nature of different species that are in solution. 
For example, an increase in mineralizer concentration can cause a change in zeolite 
composition as well as a decrease in the concentration of polycondensable species, which 
leads to the formation of a more stable phase. An example of this is the direct formation 
ofhydroxysodalite from Zeolite-A, if the hydroxyl concentration is too high. 
One example of a mineralizer is the hydroxide anion [Olf]. The hydroxide anion 
can increase the solubility of the silica by ionizing its silanol groups as well as breaking 
the siloxane bonds, as depicted in Equations 2.3 and 2.4.14 
-SiOH + Olf ~ -SiO· + H20 
-Si-O-Si + Olf ~ -SiO· + HO-Si-
Equation 2.3 and 2.4 
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When the hydroxide anion concentration increases, the silicate species is less able to 
condense i.e. the -SiO· I -SiOH ratio increases while the ability of a1uminate anions to 
condense remains constant Variation of the hydroxide concentration can have a marked 
effect on the crystalIization of the gel into a zeolite. Firstly while aluminum-rich zeolites 
crystallize at higher pH, silica-rich zeolites preferentially crystalIize at lower pH In 
addition, at higher pH, the presence of low concentrations of polycondensable silicate 
species can fuvour the formation of a stable dense phase. Secondly, during crystallization 
from a gel, the pH increases as more hydroxyl ions are liberated by the transformation of 
non-bridged -SiO· to bridged Si-O-Si groups. Finally a high -SiO· I -SiOH ratio can 
prevent complete Si-O-Si bridging within the zeolite framework, resulting in defects 
within the framework. 
2.1.2.4. Experimental Conditions and the Nature of Reactants 
There are various fuctors that contribute to zeolite synthesis. The two most common 
factors are the nature of the reactants and the experimental conditions. The role of each 
element is detailed below. 
2.1.2.4.1. Solvent 
. Water is the most widely used solvent for zeolite synthesis. It can dissolve, with aid of a 
mineralizer, all the species needed for crystallization. Also, in numerous app Iications 
water can play the role of a template often in association with other templating species 
such as charge-compensating cations. I' There are a fewexan1ples where another solvent 
is used in the synthesis of zeolites. An example of this was the preparation of silica-
sodalite,I6 where ethylene glycol was used as the solvent medium. 
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2.1 2.4.2. FrameworkSources 
Framework species are usually present in the reaction mixture as amorphous hydroxides, 
or as hydrous oxides or even as related solids such as alkaline a1uminosilicates. The 
choice of framework sources is critical in order to obtain the most metastable zeolite. 
2.1 2.4.3. Mineralizers 
Off is the most common mineralizer used for the synthesis of silicate and aluminosilicate 
based zeolites. For example hydrolyzed silicate solution can be used as source of a 
mineralizer. When this is not the case, or when concentration is not high enough, a 
template in the form of an inorganic or organic base can be added. 
2 1.2.4.4. Templates 
Inorganic templates such as cations or anions of bases (e.g., LiOH, NaOH) or acids (e.g. 
NlI.!F, NaCI) or (e.g. HP) can be added, as well as organic templates like alkyl or ruyl 
ammonium hydroxides. For example the synthesis of ZSM-5 was carried out using 
tetrapropylammonium cations. 17 
2.1.2.4.5 Composition of the Reaction Mixture 
Along with nature of the reactants, the composition of the reaction mixture has the 
greatest effect on the nature of the zeolite formed. Generally a given zeolite does not 
crystallize from a single composition, but from a composition domain, where there are 
variations of that zeolite. The overall reaction mixture composition is often calculated in 
the form of molar ratios of the constituents when expressed as oxides. Sometimes it is 
more convenient to formulate the composition by quoting the exact nature of the 
reactants and by indicating the starting molar fraction with the pH of the mixture. 
Preparation conditions such as reactant physical states or reaction mixture 
homogenization can strongly influence dissolution rates of gels. Lack of control on these 
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conditions can result in reaction difficulties. This also elm affect texture and composition 
homogeneity, which are in tum responsible for consistency of solution characteristics 
during clYstallization. There are various experimental factors that can influence the rate . 
of crystallization of zeolite formation: 
• Aging: There is a need to "age" the reaction mixture for a given time period at a 
temperature below clYstallization temperature, Le. room temperature. During this 
period a chemical and structural reorganization wiU occur affecting both solid and 
liquid phases. For example, with the same reaction mixture, depending on whether or 
not an aging period is applied, zeolite Y or P can be produced. By aging this mixture 
then heating it zeolite Y can be synthesized. 18 
• Crystallization temperature: The crystallization temperature needed for zeolite 
synthesis can range from room temperature to about 300 0 C. However, the 
temperature domain will be more or less broad depending on the zeolite. 
• Seeding: seeds of the desired zeolite (crushed crystals or "nucleation solutions") can 
be added to reduce the crystallization time, thus allowing the formation of a pure 
metastable phase that can compete with the more stable phases. Other factors that can 
affect crystallization ofzeolites are the nature of the reactor, pressure and agitation. 
• Heating time: Depending on the desired zeolite and chosen operating conditions e.g. 
temperature, the clYstallization process can last from a few minutes to several months. 
When the synthesis medium is allowed to evolve, other phases will frequently succeed 
from the less to the most stable phase according to the Ostwald rule. l1 
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2.2 Synthesis - Practical section. 
2.2.1. Introduction. 
Compounds with the fonnulae Nas[AlSi04]"x and M:zNa,;[AlSi04]"x2, where M is a 
divalent cation and X is a divalent anion, were prepared using high temperature methods 
and hydrothermal synthesis. Autoparr digestion bombs were used to carry out 
hydrothennal synthesis. Open boat and sealed tube methods along with high temperature 
furnaces were used to carry out high temperature synthesis. 
2.2 1.1. Hydrothennal Methods 
Hydrothermal synthesis was carried out in Parr 474719 digestion bombs. The autoclave 
consists of a toughened metal body containing a PTFE liner. The reactants were placed 
inside the PTFE liner in the correct molar proportions and heated in an autoclave oven for 
the required period. A schematic diagram of an autoclave is shown in Figure 2.4 . 
• 
• 
-Ht---:2 
Figure 2.4: Slice through a Parr Autoclave 
(1 = end plate, 2 = PTFE cup, 3 = rupture disc, 4 = corrosion disc, 5 = top 
plate, 6 = screw lid) 
39 
The following methodology was employed when using the Parr digestion bombs: 
• The bottom disc [1] was placed facing upwards in order to provide support for the 
PTFE cup. The P1FE cup [2] containing the sample was then placed inside the bomb 
body. 
• The corrosion disc [4] (0.02) along with the rupture disc [3] (0.03) was placed on the 
top of the PFTE cup. On the top of the rupture disc [3] a lower pressure plate [Sa] 
along with a spring [5b] and a higher pressure plate [Se] were then added. 
• A screw cap [6] was attached and then tightened by hand. A hook spanner can be 
used to tighten the bomb further. The bomb was then placed within a temperature-
controlled oven and heated for the required period. 
2.2.1.2. High Temperature Synthesis Route 
The open boat method was used to prepare samples by high temperature synthesis 
provided the reactants were not volatile. The starting materials were combined in the 
correct molar proportions and ground homogeneously using a pestle and mortar. In cases 
where the appropriate metal oxides were hygroscopic or non-stochiometric, the metal 
carbonate, which decomposed stoichiometrically to the oxide on heating, was used as a 
starting material. 
If one or more components in a reaction mixture were air sensitive or volatile at 
high temperature, then the reaction mixture was heated using sealed tube conditions. The 
air-sensitive or volatile reaction mixture was weighed out in a glove box and placed 
within a quartz tube closed at one end. The tube was then evacuated using a rotary pump 
and vacuum line and sealed using a methane/oxygen blow-torch. 
A box (or muftle) furnace20 was used for heating combustion boats or sealed 
quartz tubes and a tube fumace20 was used for the annealing experiments under different 
gases. 
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2.2.1.3 Annealing experiments. 
2.2.1.3.1 Reduction experiments. 
Once prepared and fuUy characterized, the products with the general formulae 
Nas[AlSi04]6X and MzN36[AlSi04]6X were annealed ID order to facilitate oxidation or 
reduction of the occluded species. Sodalite-type frameworks containing Se032-, sol- and 
TeOtwere annealed nnder Hz or 90 % Hz/I 0 % HzS in order to reduce the encapsulated 
anion or prepare a polychalcogenide species. Figures 2.5 and 2.6 shows the hydrogen and 
90 % hydrogenll 0 % hydrogen sulphide annealing apparatus. 
Nylon tubing. 
r/rL --------1+...---<:: Plastic tube COlUIOction to the 
'l'ube fazMce 
Pamfm bubbler (d). 
Sample within in the 
silica tube with silica 
l1fIe heeds (0). 
nitrogen so""," (c). 
NyIontd>e 
connection to the 
hydrogen flaslbock 
amreslor (b). 
Hydrogen cylinder 
Figure 2.5: Schematic Diagram of the Hydrogen Annealing Apparatus 
One end of the silica tube head was connected to the hydrogen cylinder via a flashback 
arrestor (b) using nylon tubing and brass unions containing graphite fureUes. The 
flashback arrestor prevents any external gas entering the cylinder head and causing 
fIre/explosion. The other neck was attached to the nitrogen source via plastic tubing (c). 
The exhaust was attached to a paraffin bubbler via nylon tubing and brass unions 
containing graphite fureUes (d). The paraffin bubbler is . used to monitor the flow of 
hydrogen through the system. 
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Nylon l1bing 
Silica tdJe heodsI sWnless wel1lllions + III"phite IiDeDe •• 
Sample in comb1Jstion 
boat within silica I1lbe 
(a). 
Fk>wmoter (b). 
Plastic tube cOllllBction 
to the nitrogen 00""" 
(d). 
90 % Hydrogen 
NaOHlNaOCL 
bWbJer(e). 
10 % HydrogenS1l!phide 
(c) 
Figure 2.6: Schematic Diagram of Hydrogen Sulfide Annealing Apparatus 
A very similar arrangement was used for the annealing experiments using 90 % 
hydrogen! 10 % hydrogen sulfide. A flow meler was included on the cylinder side of the 
appamtus. In addition, on the exhaust side, a sodium hydroxide/sodium hypochlorite 
(NaOHl NaOCI) bubbler replaced the paraffin bubbler to remove hydrogen sulphide gas· 
according to Equations 2.5 and 2.6 .21 
H2S CB) + 2 NaOH (aq) ~ Na2S (aq) + 2H20 
Na2S (aq) + 4 NaOCI (aq) NazS04 (aq) + 4 NaCI (aq) 
Equations 2.5 and 2.6 
The hydrogen and the 90 % hydrogenll 0 % hydrogen sulfide apparatus were assembled 
in the fume cupboard and then tested for leaks. Once the system appeared leak-free, the 
system was flushed with nitrogen for 30 min prior to the introduction of the reactive gas. 
The flow mte was adjusted to minimise the volume of gas passing through the system and 
then the samples were then heated to the reaction tempemture (600-800°C) for the 
required time period (5-12 h). After the required reaction period, the appamtus was slow 
.0 
cooled to 200°C and flushed with nitrogen (30 min) before the product was removed. 
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2.2.1 3 2 Oxidation experiments. 
Samples were also annealed under oxygen in an attempt to oxidize the encapsulated 
anionic species using the apparatus shown in Figure 2.7. 
Paraffin bnbblei 
Silica tube Ileads + clips 
Sample w combt1snon boat 
pL1Ced within a silica , .. be. 
Figure 2.7: Schematic Diagram of Oxygen Annealing Apparatus 
A similar system was used to the hydrogen annealing apparatus, although a flash back 
arrestor was not necessary. Samples were placed in the centre of the silica tube and the 
tube was flushed with oxygen for 30 min prior to heating. The sample was then heated to 
high temperature (600-1000°C) for the required period and then slow cooled under 
oxygen. 
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2 3 Zeolite characterization. -
2.3.1- X-ray diffiaction. 
2.3.1.1 Introduction. 
Crystalline solids diffiact X-rays with wavelengths comparable to interatomic spacings 
by interaction with their electron clouds. Analysis of the scattered information can yield 
information regarding the separation and arrangement of atomslions in the crystalline 
solid. Each powder X-ray diffiaction pattern acts as a unique fingerprint that can be used 
to identify the compound. X-ray diffiaction can be used in a variety of applications, such 
as structure determination by Rietveld analysis, identification of unknown materials using 
the JCPDS database and for assessing the purity of any sample prepared. 
2.3.1.2 Themy of X-ray diffraction. 
The translational synunetry of the structure is depicted by lattice points which can be 
joined together either by lattice lines (two dimensions) or by lattice planes (three 
dimensions). The position of each lattice line or lattice plane is denoted by h, k, I (the 
miller indices) which can have positive, negative or zero values. The d-spacing (dhkl) is 
the separation between the planes and is also the perpendicular distance from origin to the 
nearest plane. The d-spacing (dhkl) is in turn related to the angle of incidence of the X-ray 
beam and wavelength in a diffiaction experiment using Bragg's law:22 
2dhkl.sin9 = n').. 
Equation 2.7 
Where n is an integer and ').. is the X-ray wavelength. When a X-ray beam strikes a 
polycrystalIine sample it is diffiacted in all possible directions, as governed by the Bragg 
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equation.22 The effect of this is that each set of lattice planes within the crystal can give 
rise to a diffraction cone, which is observed at a particular 26 value. 
2.3.1.3. Generation of X-ray beam. 
When a beam of electrons strikes a metal target it causes the ejection of core electrons 
from energy levels close to the nucleus of some metal atoms (providing the beam is 
higher in energy than the energy needed to remove such electrons). Once vacancies have 
been created, electrons from the higher energy levels will full down (decay) into the 
lower energy levels. The energy difference between these energy levels is emitted in the 
form of an X-ray beam of precise energy (E=hv where E is the energy difference, v is the 
frequency emitted and h is the Planck constant). 
T1JD8SI<n 
filament 
Figure 2.8: Schematic Diagram of an X-ray Tube 
Figure 2.8 shows a diagram of a typical X-ray tube23 where the electrons are created by 
heating a tungsten filament in a vacuum (thermionic emission). These electrons are then 
accelerated by high voltage (about 30,000 volts) towards the metal target where core 
electrons are knocked out and X-rays are produced from the decay. A beryllium window 
is used to allow the escape of X-rays from the tube. 
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By using a meml film whose atomic number is one below that of the me1al target the 
removal of some of the unwanted X-rays can be achieved. A single wavelength can be 
selected by passing the filtered beam through a single crystal monochromator. 
2.3.1.4 Powder X-ray Diffraction. 
The Broker 08 and Philps X'PERT powder diffractometers were used throughout the 
course of the studies for the collection of X-ray diffraction dam. A schematic diagram of 
a powder diffractometer is shown in Figure 2.9. 
Focusing 
circle 
Figure 2.9: Schematic Diagram of a Powder Diffractometer 
In the case of the Broker 08, the copper X-ray tube is fitted with a primary 
monochromator, which provided Cukal radiation for high resolution diffraction 
experiments. The EXPERT uses CUka radiation and has no primary monochromator. The 
sample was placed on a plastic or aluminium sample holder on a nine position sample 
changer where the sample could be romted to overcome the effects of preferred 
orientation, if necessary. Both diffractometers collect data in reflection geometry that use 
the sample like a mirror to focus the X-ray beam onto the detector. The collected data 
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were then transferred to status display where a real time display of data could be 
examined. Once collected the diffraction data was managed by the EV A program.24 
The EVA program has access to the JCPDS powder diffraction files,2s which was 
used to determine sample purity using diffraction patterns collected over a period of 20 -
30 min. Data for Rietveld analysis were collected over a 12 h period; vide infra 
2.3.1.5. The Rietveld Method. 
The Rietveld method26 allows the determination of a structure using powder diffraction 
data. Output from the program involves presentation of closeness of fit between the 
experimental pattern and calculated profile generated from a trial structure. 
The diffraction pattern is recorded in a digitized form as the numerical intensity 
(y,) at each of several thousand equal increments (I) found within the pattern. The best-fit 
involves the best least square fit to all thousands of yt's simultaneously. The quantity 
minimized in the least-squares refinement is the residual, Sy which is given in Equation 
2.8.27 
Equation 2.8 
Where S = sum of overall data points, W,= 11 Y., Yi= Observed (gross) intensity at the ,.flI. 
step and Yct= calculated intensity at the ,.flI. step. 
Typically many Bragg reflections can contribute to the intensity (Yi) observed at any 
arbitrary chosen point (I) in the pattern. The calculated intensities (yct)27 are determined 
from the structural model by summing all the calculated contributions from neighbouring 
(within specified range) Bragg reflections and background: 
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Equation 2.9 
Where S = Scale factor, K = Miller indices (hkl) for a Bmgg reflection, Lk = Lorentz, 
polarization and multiplicity fuctors, 0 = reflection profile, Pk = preferred orientation 
function, A = absorption factor. (The absorption fuctor differs with instrument geometIy. 
but it is usually taken as a constant), Fk = Structure fuctor for KIh Bragg equation and Ybl 
= Background intensity at the l.fh step. 
Model parameters such as lattice pammeters, atomic positions, ternpemture factors and 
site occupancies are refined. Pammeters for the background, instrumental geometrical-
optical features, specimen aberrations such as specimen displacement and tmnsparency 
can also be refined. 
The background intensity (vb;) can be obtained by (1) opemtor-supplied table of 
background intensities or (2) linear interpolation between opemtor-selected points in the 
pattern or (3) as a specified background function. The background is always refined 
except in cases of pattern simplicity. 
The reflection profile function, 0, approximates the effects of both instrumental 
features (including reflection-profile asymmetry) and specimen features such as 
absorption (tmnsparency) and specimen-caused broadening (e.g. crystallite size and 
microstrain effects) on the reflection profiles. 
Angle dispersive data/' the dependence of breadth H ( r ) of the reflection 
profiles which is measured as Full-Width-at-Half-Maximum height (FWHM), has been 
. modelled by Caglioti (1958). From this it was seen that U, V and W are the refinable 
parameters. 
Equation 2.10 
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Specimen defects, such as microstrain and small crystal lite size, that cause a broadening 
of the diffiaction pattern profile, are not angle dependent. A mathematical process known 
as convolution is used to model this contribution. 
h(x) = f g (x)f(x -x)dx' 
Equation 2.11 
Where x = (291-29K), x' = is the variable of integration in the same x domain, g(xJ = is the 
instrumental profile, f(x) = is the intrinsic diffraction (specimen broadening) profile 
function and h(x) = is the resulting observed profile function. 
As long as g(x) is much broader than f(x) then the observed profile function will reflect 
little or no chamcter of f(x). If the intrinsic diffiaction profile f(x) is not narrow when 
compared to g(x) then it has to be modelled, at least approximately, so that the profile fits 
will be good enough to support valid estimates of the Bragg intensities even in Rietveld 
refinement Better modelling can support determination of microstructural information 
like crystallite size and microstrain parameters. 
Asymmetric and anisotropic (dependence on crystallographic direction as well as 
scattering angle) factors will effect the f(x), leading to problems in fitting between 
calculated and observed profiles. 
Preferred orientation will arise if there is a strong tendency for crystallites in a 
specimen to be orientated more in one way or in one set of ways than in another set of 
ways. The preferred orientation will produce systematic distortions of the reflection 
intensities. So corrections have to be made i.e. the distortions can be mathematically 
modeled with preferred orientations (Pk).21 This was implemented in Rietve1d's early 
programs as: 
Equation 2.12 -
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GI and G:z = refinable parameters and IXt = angle between dk and fibre axis direction. 
Pt is useful if the degree of preferred orientation is not large when combined with data 
from standard 9 - 29 X-ray diffractometer, thus improving the fit 
Structure factor (Fk): TT 
Fk = L NJjexp[21ti(hx,+ky,+1z1)]exp[ -m] 
Equation 2.13 
Where Nj is the site occupancy multiplier for the l' atom site (TItis is the actual site 
occupancy divided by the site multiplicity), h, k and I are miller indices, XI Y; ZI are 
position parameters ofthe/' atom in the unit cell and Mj = 81t2u/sin2 9n..2 where U,2 is 
the root-mean square thermal (and random static) displacement of the/" atom parallel to 
the diffraction vector. 
The Rietveld refinement process will adjust the refinable parameters until the residual 
(Sy) is minimized, i.e. the "best fit" of the calculated pattern to the observed pattern is 
obtained. The "best fit" is dependent on the accuracy of the model. This needs indicators 
that are reported at each cycle which show whether the refinements are improving and if 
it is near completion. The Rwp numerator is the residual being minimized which best 
reflects the progress of the refinement Obviously as the Rwp value gets smaller the better 
the model fit will be. 
2.3.1.5.1 Generalized Structure Analvsis System- GSAS. 
Generalized structure analysis system (GSAS)28 is a well-known programme used for 
structure refinement via the Rietveld method. The GSAS suite of programmes can be 
applied to both X-ray diffraction and neutron diffraction data. These types of data can be 
obtained from either angle dispersive (fixed wavelength) or from energy dispersive (e.g. 
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time-<>f-flight data) sources. Data for Rietveld refinement were collected over the range 
10 - llO 0 with a step size of 0.047 0 over a 12 h period (08 diffractometer) and with a 
step size of 0.015 over a 13 h period (X'PERT diffractometer). 
Structure fuctors (Fph) for powder data (also for single crystal) are computed in 
the standard way from atomic coordinates, atom form fuctors and temperature fuctors. 
For the powder case there is a set for each phase (P) in each histogram. The expression is 
the usual complex quantity: 
Equation 2.14 
A and B are real and imaginary parts of the structure. If the structure is centrosymmetric 
and the inversion centre is located at unit cell origin, then B is zero. The observed 
intensity is related to the square of this quantity and is calculated for all diffraction data: 
Equation 2.15. 
Atomic X-ray factors, which include contributions from anomalous dispersion, are 
modified by atomic site fraction (x) and by thermal motion (T) to give: 
F = x T" (£,+ f + if) 
Equation 2.16 
The expressions for A and B can be broken into three components each: 
A=Ao+A'-B 
Equation 2.17 
B=Bo+B'-A 
Equation 2.18 
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where: 
loo = ~Ti"foi cos21th. r 
A' = LxiTi"fJcOs21th. r 
A" = :ExiTi"f'i cos21th. r 
Bo= LxiTi"f.i cos21th. r 
B' = LxiTi"fi cos21th. r 
B" = ~Ti"f'i cos21th. r 
which sum over the unit cell contents. In the powder case the averaging process means 
that the intensity for a single reflection includes contributions from Friedel reflection 
pairs. Therefore these components must be differently combined to represent powder 
intensity: 
F2 = (A" + A') + B,,2 + (Bo + B,)2 + A"2 
Equation 2.19 
In GSAS the atomic coordinates, site fractions and thermal motion parameters are 
refinable quantities. Anomalous dispersion contributions (f and f') for X-rays are also 
refinable. 
Temperature factors for this system can be expressed as Ui.., where: 
B; .. = 8~U; .. (2.4) or f3 = 2~a"afuij 
Equation 2.20 
:r., total normalized profile intensity at any point in a powder diffraction pattern, has 
contributions from the nearby reflections and from background scattering. The reflection 
contributions are calculated from the structure factors and are corrected for all geometric 
and sample dependent factors like absorption, extinction or preferred orientation. The 
background, It" can be modeled by using a well-behaved empirical function. A diffuse 
scattering contribution, LI, can be introduced. 
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1= r.1 WIJ general expression of intensity for TOF data 
Equation 2.21 
I = r ./IJ expression of intensity for CW data 
Equation 2.22 
Equation 2.23 
. Where 1'. is the number of counts observed in a channel of width W; Ii is the incident 
intensity; Ji, is the background value; Sh is the histogram scale factor within an histogram, 
Sph is the individual phase scale factor within an histogram and Y ph is the contribution 
from the hth reflection of the pth phase. A weight, w, is assigned to each Io from 
consideration of the variances in both 1'. and Ii. The sum involves all those reflections 
from all phases within the sample that are sufficiently close to the profile to make a 
significant contribution. 
There are currently nine background functions available in GSAS in order to fit 
the powder diffraction data. Each function has a maximum of 36 possible coefficients. 
The Chebyschev polynomial has been consistently used for this work and is defined by 
Equation 2.24. 
X _ 2(f-Tmin)/· 1 
- Tmax - Tmin -
Equation 2.24 
Where Tmm and Tmax are the actual range of data used in the calculation. T is degrees 29. 
The background intensity (Ji,) is calculated from: 
Equation 2.25 
The values of Bj are determined by least squares fit during the Rietveld refinement of the 
powder pattem. 
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Yph (contributed intensity fonn a Bragg peak to a particular profile intensity) is: 
Equation 2.26 
Where Fph is the structure factor for that particular reflection. H (T -Tph) is the value of the 
profile peak shape function for that reflection at a position, T, which is displaced from its 
expected position. T ph and Kp. are the products of various geometric and other correction 
factors obtained for that reflection. 
This intensity is dependent on several things such as the value of the structure 
factor and the amount of that particular phase, which detennines its total contribution. 
The peak shape and width in relation to its position will also have an effect. The intensity 
also affects extinction and absorption as well as some geometric factors. 
The contribution that a given reflection makes to the total profile intensity is 
dependent on the shape function for that reflection profile, its width coefficients and the 
displacement of the peak from the profile position. The locations of the peak are given in 
29. The reflection position in a constant wavelength experiment is obtained from the 
Bragg equation (Equation 2.7). The expression for the reflection position is 
Equation 2.27 
For the Ds system a single value wavelength along with zero value was used. For 
conventional sources the wavelength is well known and tabulated in many references. For 
synchrotron sources a calibration of the single wavelength with a standard sample can be 
perfonned. 
The quality of the refinements is measured in tenns· of reliability factors: Weishted 
prom. (R.,p), I", ... ity (R,) and R.,q,..tcd (Re). The Rweightcd prom. (Rwp) is the one that best 
reflects the progress of the refinement as the numerator is being minimized. x2 indicates 
the quality of the fit, i.e. the lower x2 value the better the refinement fit. The R-fuctors 
are given by: 
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Equation 2.28 
Equation 2.29 
Equation 2.30 
where N is the number of observations, P is the number of parameters, C the number of 
constraints. 
,: = { Rw.ighted profile I R.xp...ed} 2 
Equation 2.31 
2.3.1.5.2 Refinement Strategy for the Rietveld Method. 
Structure solvation from first principles using reflection inteusities, positions and 
absences is extremely difficult and time consuming. It is possible to solve structures 
from powder diffraction data by direct methods,29 but this is rare. Largely the success of 
the Rietveld methodology largely depends on finding a suitable model on which to base 
the refinement Fortunately, the sodalite structure is well-known and there are many 
different models which can be used to base the refinements of these systems. The 
goodness of fit of the experimental data with the theoretical model is monitored using 
both the refinement parameters and graphical representation of the fit Output of the 
bond lengths and bond angles can also give a good indication of whether or not the 
refinement is reasonable by comparing distances with other known compounds. 
A selection of different models and combinations of different models has 
been used as the basis of the refinements in this thesis. In general, several different 
models have been used for each refinement and the best fit determined by examining both 
the fit parameters and the structural data. The structural data have been evaluated by 
comparison with similar compounds in the literature and the use of bond valence 
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calculations?0,31 Bond valence calculations were developed by Aldermatt and Brown and 
are based on the idea that there is typical bond distance expected for a bond between two 
atoms. A valence is calculated for a particular ion based on the bond lengths, where each 
bond contributes to the valence of the ion a~rding to Equations 2.32 and 2.33. 
Equation 2.32 
S;j = (R-Ro)/B 
Equation 2.33 
Where V ij = the valence of the ion, Sij = the valence contribution of each bond, Ro is the 
average expected bond length and B is a constant (0.37) 
2.3.1.6. Structural Models of the Sodalite Structure 
2.3.1.5.1.1 Space Group Selection - Cage 
The basic sodalite cage is a structure built from four and six-membered rings of vertex 
linked T04 tetrahedra that contains a central anion coordinated to four cations. 
Depending on the ordering of the T atoms and the size and geometry of the central anion, 
the sodalite structure can crystallize in several different space groups. 
If all the T atoms are identical, or if there are several disordered T atoms in the 
framework, the space group is body-centred. If the central anion is large, and hence there 
is no tilting of the T04 tetrahedra in the six membered rings, then the space group is 
Im3m (Figure 2.1 0). This leads to six equal bonding interactions of the occluded cation 
with the framework oxygen atoms and one with the central anion 
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Figure 2.10: Fully expanded sodalite framework crystallizing in Im3m space group 
Tetrahedral framework species (black circles) linked by T-O-T links 
(framework oxygen atoms omitted for clarity) 
If the central anion is small, the tetrahedra in the six membered rings32 can tilt by an 
angle of between 0 and 35° to allow better coordination to the framework oxygen atoms. 
This lowers the symmetry of the space group to 1-43m (Figure 2.11).33 There are now 
three short and three long interactions of the occluded cation with the framework oxygen 
atoms. At very large tilt angles, when the anions and cations are small, this results in an 
effectively tetrahedral coordination for the occluded cation; three interactions with the 
framework oxygen atom and one with the central anion. 
Figure 2.11: Tilting of the framework tetrahedra and lowering offramework 
symmetry. 
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Ordering of the framework T atoms leads to a further lowering of the symmetry of the 
space group to P-43n when there are equal numbers ofT atoms. Most of the structures in 
this thesis are based in the lowest symmetry space group as the aluminosilicate 
frameworks are ordered according to Lowensteins Rule.34 
Figure 2.12: Ordered Framework of Altering T04 Tetrahedra 
Ordered framework of alternating tetrahedral atoms (black and white 
circles) linked by oxygen bridges (small grey circles) 
The ordered sodalite framework used as the basis of the refinements presented in this 
work was based on the refinement of sodium chloride sodalite Nas(A1Si04)6CIz which 
was determined by Hassan and Grundy.3s The aluminium and silicon framework cations 
lie on special sites and alternate throughout the cage structure linked by a single 
framework oxygen on a general site (x,y,z). The occluded chloride anion lies at the 
centre of the cage on a special site coordinated to the occluded cation which lies in the 
centre of the six-ring window (x,x,x) as shown in Figure 2.13. Atomic coordinates for the 
simple sodalite structure are given in Table 2.1. 
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Table 2,1; Mod!llnsed fQr th!l 3lfin!lm!l!lt Qf SQdil!I!! Ilhloride sQdalitll Na!(AISiO~2Qz.. 
Atom Wyckoff X Y Z Occupancy 
Symbol 
AI 6 (c) y. 0 9i 1 
Si 6 (d) % % 0 1 
0 24 (i) 0.1390 (3) 0.1494 (3) 0.4383 (2) 1 
Na 8 (e) 0.1778 0.1778 (2) 0.1778 (2) 1 
Cl 2 (a) 
° ° ° 
1 
Figure 2.13: Basic Sodalite Structure with a Central Chloride Anion 
Framework tetrahedral atoms (pink spheres) linked by T-O-T links (blue 
bonds). Central chloride anion (pink sphere) tetrahedrally linked to four 
cations (light blue spheres) 
In this structure the occluded chloride anion is present as a single monoatomic 
monovalent species that lies at the veI)' centre of the sodalite cage (0,0,0). In this thesis, 
the majority of the occluded anions are either tetrahedral (X04) or pyramidal (X03) and 
are divalent For charge balance in the hauyne structure, which only contains monovalent 
sodium cations for charge balance, only one anion is now required for eveI)' two sodalite 
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cages. Similarly, the larger oxoanions contain four or five species, which cause 
positional changes of the cations to allow coordination to the oxide groups. Various 
models have been developed which take into account the effect of these different anions 
on the positions of both the framework oxygen atoms and the occluded cations as well as 
the shape of the anion itself. The main models are summarized below. 
'The basic sodalite framework differs between the nosean and hauyne models as the 
splitting of the oxygen framework occurs between two sites of 24(i) (x, y, z) for the 
nosean models but not for the hauyne models. 'The precise models used for structural 
refinement of the systems described in this thesis also depend upon the size and geometry 
of the encapsulated anion. According to the available data in the literature, there are four 
types of models used for the refinement of structures, these are as follows: 
2.3,16.2. The Hauyne Modification of the Standard SOdalite Framework Structure 
N!!6M<l[AlSiO~~ X 2-Z 
'The only major difference between the hauyne and sodalite framework structure is that 
the occluded cation site positioned at (x,x,x) is now shared in a disordered fashion 
between the sodium and M cations. 'The typical atomic coordinates for the nosean 
framework are given in Table 2.2. 
Table 2.2: Hauyne Framework and Occluded Cation Positions 
Atom WyckoffSymbol X Y Z Occupancy 
M 8 0.2 0.2 0.2 0.25 
Na 8 0.2 0.2 0.2 0.75 
AI 6 ~ 0 % 1 
Si 6 0 % % 1 
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2.31.6.3. The Nosean Modification of the Standard Sodalite Framework Structure 
Na.[AISi01l6 X2-
In. this case, the inclusion of a divalent anion every other sodalite cage results in the 
splitting of the sodium cation sites into three groups. The cations in the empty cage move 
closer to the framework to give a closer coordination to the framework oxide anions. 
This results in three occluded cation sites and a, split oxide framework site as shown in 
Table 2.3. 
Table 2.3: Nosean Framework and Occluded Cation Position 
Atom Wyckoff Symbol X Y Z Occupancy 
AI 6 9, 0 % 1 
Si 6 v- I> 0 1 
0(1) 24 0.137 (3) 0.146 (3) 0.544 (2) 0.5 
0(2) 24 0.153 (3) 0.160 (3) 0.457 (2) 0.5 
Na(l) 8 0.303 (2) 0.303 (2) 0.303 (2) 0.21 
Na(2) 8 0.674 (1) 0.674 (1) 0.674 (1) 0.34 
Na(3) 8 0.733 (1) 0.733 (1) 0.733 (1) 0.46 
In addition to the different framework models there, there are also different models for 
the framework anion. Several different models have been proposed for the xol- and 
xol- anions, largely depending on the size of X The larger X species often also force 
the occluded cation site to split to make room for the larger X group. 
Tetrahedral xoi-= 
The simplest model for the XO/' anion is where X is placed at the centre of the cage (0, 
0, 0) and the oxygen atom of the X04 group is placed around the X anion in a perfect 
tetrahedral arrangement on an (x, x, x) site where x "" 0.4. This type of model was used by 
Hassan and Grundl8 for the refinementofnosean sulphate Nas[AISi04MS04). As only 
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half of the sodalite cages are filled in a nosean model, the occupancies of both sites was 
set to 0.5. A similar model was used by Hummef for the refinement ofhauyne sulfate 
Ca:zNlI6[ A1Si04]6(S04)2 except the sulfate group occupies every cage (Figure 2.14). 
Figure 2.14: Occlusion of Tetrahedral Anion within the Sodalite Cage 
xol-: anion 
Framework (blue lines) containing a tetrahedral X species (yellow sphere) 
surrounded by four oxygen atoms (pink spheres) and four cations (orange 
spheres) 
There are three known models for the placement of the xol- anion within a sodalite 
cage. Weller and Mead37 developed the first model. The pyramidal bromine ion was 
placed slightly off the centre of the cage at the 8(e) (x, x, x) site where x '" 0.05 while the 
o atom of the Br03 group was placed at the 24(i) (x, y, z) site where x '" 0.13, Y '" 0.07 
and z '" O. The multiplicity of these sites generates four times the number of XO/-
groups needed for the correct stoichiometIy and therefore the occupancy is set at one 
quarter (Figure 2.15). WelIer and Brenchley38 developed the second model for a XO/-
group for strontium aluminate selenite. The difference between this model and the 
previous model is the positioning of the three oxygen atoms around the X group. 
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Figure 2.15: Model for the Bromate Anion inside a Sodalite Cage 
Bromine atom (light blue sphere) linked to three oxygen atoms (red 
spheres) surrounded by four cations (pink spheres). Black lines indicated 
framework T -0-T links 
In this case, the oxygen atoms are placed on an 24-fold xxz site. In a similar way to the 
previous model the occupancy of the selenite group was fixed at one quarter. Weller and 
Dann42 developed the final xol- model for the significantly larger tellurite group. The 
only difference between this model and the selenite version, is that the large tellurite 
group forces the occluded cation position to split to two equally occupied xxx sites with 
half occupancy (Figure 2.16). 
Figure 2.16: Model for TeDurite Anion within a Sodalite Cage 
Central Te (green sphere) coordinated to three oxygen atoms (red spheres) 
surrounded by three occluded cations (pink spheres) 
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2.3.2 Infra-red spectrosCQJ)Y. 
, 
For a molecular vibration to be infra-red active, a change in the dipole moment must 
occur during the vibration. An example of this is the stretching of the carbon monoxide 
(CO) bond,40 which has a permanent dipole as oxygen is more electronegative than 
carbon. As the CoO bond stretches, the size of the dipole changes, and hence the CO bond 
is infra-red active. Vibrations can. arise from bond length (stretching) and bond angle 
(bending) changes .. Heavy atoms, with weak bonds, vibrate at a lower frequency than 
lighter atoms and atoms held by multiple bonds according to Hooke's Law. 
Frequency = 1I(27tc)VF/m 
. Equation 2.34 
Vibrational frequency is also affected by changing the number of electrons in a molecule 
by the occupation of the bonding and non-bonding molecularorbitaIs. 
2.3.2.1 Infra-red experiment. 
Infra-red analysis had been used throughout the course of study to determine the presence 
of the zeolite framewoIk as well as the nature of anion encapsulated within the zeolite 
framework. The infra-red data was collected using a Perkin-FTIR 1200 spectrometer. 
This spectrometer employs prisms or gratings as monochromators that select infra-red 
radiation of a particular frequency (Figure 2.17).41 This spectrometer is generally a 
double-beam instrument where one beam does not pass through the sample but will act as 
reference for comparison with the beam that passes through the sample. Due to the 
continuous rotation of the monochromator, the radiation is lower than the resonance 
frequency of the incident beam causing it to be directed through the exit slit and onto the 
detector. A plot of transmittance' against frequencies (or wavenumbers) provides a 
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conventional IR spectrum, where typical bands of decreased transmittance occur at 
certain frequencies . 
...... 
, 
Figure 2.17: Schematic Diagram of Infra-Red Spectrometer 
IR spectra were collected on pressed !CBr discs. The discs were prepared by pressing a 
homogeneous mixture of sample (5 mg) with potassium bromide (50 mg) in a Specac 10 
mm die (1 0 tonnes). 
2.3.2.2 Applications of infra-red analysis. 
The vibrational spectra of sodalite frameworks have been fully analysed in detail by 
Creighton et a/4 2 For materials of the sodalite structure crystallising in the space group 
P-43n, 14 modes are infra-red active in aluminosilicate derivatives with ordered Si and 
AI; intensity calculations show that nine of these vibrations, at frequencies up to 
1200cm·1 are of reasonable intensity. However, generally only five or six absorptions are 
readily resolved in the infra-red spectrum, and these are a combination of asymmetric 
stretches near 950 cm -I, three symmetric bands in the region 700-1000 cm-I and one or 
two vibrations at lower frequency, typically 400-550 cm-'. 
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The frequencies of the symmetric stretches and the bending vibrations have been shown 
to correlate with the sodalite a parameter and the T -0-T bond angle in a number of 
sodalite systems 43-4' and show a shift to lower frequencies as the size of the cage 
2.3.3 Raman Spectroscopy. 
2.3.3.1 Introduction. 
c.v Rarnan46 (1928) noted that the energy of a small proportion of re-emitted light 
differed from the incident radiation (uo) by energy gaps, which corresponded to some 
vibrational modes. Non-Rayleigh light occurs both at higher energy (uo + hll), where the 
energy difference derives from a loss of vibrational energy of the molecule and at lower 
energy (uo - hll) where vibrational promotion occurs as seen in Figure 2.18. 
virtual excited state 
v=1 ~~-;'+--L+ 
'1"0 -L_---l-L_--l._ 
Stokes anti-Stokes 
~hv II(J'hv 
Figure 2.18: Stokes and Antistokes lines in a Raman Spectrum 
66 
The ground vibrational state is more densely populated than the excited state, so it is 
more likely that a promotion from ground to excited state will occur. The peaks observed 
at a lower frequency than the incident radiation are called Stokes lines. These lines are 
more intense due to a greater population, hence have more probability to be excited than 
those derived from excited vibrational states at higher energy, which are called anti-
Stokes lines. 
The Raman effect is very weak, so a lot of monchromatic radiation is needed to 
ensure that there is enough energy-shifted radiation available to be detected. Information 
obtained from Raman spectroscopy is vibrational frequencies measured as a Raman shift, 
relative to the exciting energy source. 
A change in the po1arisability of the molecule during vibration is required for the 
molecule to be Raman active. Polarisability measures the ease at which the electron cloud 
can be distorted. An example of this is dinitrogen (N2), during the course of the N-N 
stretching the electron distribution changes, as seen by Figure 2.19. 
Figure 2.19: Change in Electron Density and Po/arisability for the Nz. 
When the N-N bond is at its most stretched, the electron density is spread more thinly 
over a large volume and thus can be distorted more easily than if it were concentrated in a 
small volume. Since the electron density is altered in such a way, further distortion, or 
polarization, varies between extremes of the vibration; the band will be Raman active. 
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2 3 3 2 Applications in Zeolite Structures 
Angell47 performed Raman spectroscopic analysis on a series of zeolite structures and 
showed that the zeolite frameworks generally give very weak Raman spectra. Since the 
infra.red spectra are dominations by the cage absorptions, Raman can provide an 
excellent complimentary method to infra·red spectroscopy for probing the enclatharated 
species within the cage whilst infra·red spectroscopy can be used to investigate changes 
in the framework. In this work Raman spectra were collected on a Jobin Yvon Lab Ram 
010 spectrometer over the range 500-3000 wavenumbers. 
2.3.4 Solid state nuclear magnetic resonance. 
2.3.4 1 Introduction to Nuclear Magnetic Resonance. 
A nucleus has a magnetic moment when its spin quantum number 1 is non·zero. Absence 
of a magnetic field can result in the nuclear magnetic states being degenerate. This is not 
the case if the nucleus is placed in an external magnetic field it can result in a total 
number of (21 + I) possible orientations being adopted where transitions resulting in a 
change of AM = ±I are aIlowed. The splitting of degenerate energy in a magnetic field 
can make nuclear magnetic resonance spectroscopy possible. 
IH, 13C, l~, 31p nuclei all possess a spin quantum number of V. and so when these nuclei 
are placed in a magnetic field two spin states (m = + V. or m = • v. ) can arise as seen by 
Figure 2.20.48 
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Figure 2.20: 
Energy 
~I=-ll2 
----- 1=+ 112 
') 
Magnetic field. 
Energy levels for a spin 1= % nucleus in an Externally Applied 
Maguetic Field. 
Differences in energy between these two states is governed by ~ = yhBJ 2II where Bo is 
the strength of the applied magnetic field while y is the gyromagnetic ratio for the nucleus 
under study. The frequency of radiation that corresponds to this energy is called the 
resonance frequency and is depicted by 2IIv = y Bo. 
Although a magnetic field (Bo) is applied to a sample, the effective magnetic field 
(Boff) experienced by the nucleus will not be the same because the motion of electrons 
surrounding the nucleus can induce a magnetic field, which shields the nucleus from the 
external magnetic field [Boff= Bo (I-a»). 
a is the shielding constant which varies as the local environment changes 
resulting in the frequency (or energy) needed to cause transition to be altered. Therefore 
the resonance frequency is characteristic of the environment surrounding the nucleus. 
Different nuclei can have different magnetogyric values (y) so different frequencies will 
be needed for the nuclei to resonate. 
By considering both 2IIv = y Bo and Boff = Bo (I-<J) it can clearly be seen that 
when the degree of shielding a increases the Boff will decrease resulting in the peak being 
shifted to a lower chemical shift (ppm) value. If a peak is shifted to a more positive ppm 
value then the degree of shielding of the nucleus under study decreases, as shown in 
Figure 2.21. 
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Figure 2.21: Scheinatic Diagram of an NMR spectrum 
It is possible to detennine the type of chemical environment studied by using the 
chemical shift. The chemical shift is dependent on the shielding of a nucleus, which is 
influenced by the types of atoms around it For example, the compound Si(CH2CH3)4 will 
have two different chemical environments for the proton nuclei CH2 and CH3. Therefore 
the range of chemical shift values observed is dependent on the nucleus involved. For 
example, the IH nuclei can range between + 20 to - 30 ppm. 
2.3.4.2. Solid State Nuclear Magnetic Resonance. 
Magic angle spinning spectroscopy can be used in the detennination of framework 
composition as well as the probing of non-framework species like guest molecules. This 
technique eliminates the broadening of the NMR signals nonnally found in solids. The 
line broadening is due to various anisotropic interactions all, which contain a (3cos:ZO-l) 
tenn. When cos El = eh)"", i.e. El = 54° 44', this tenn becomes zero. 
Therefore the sample is rotated about an axis, which is inclined at the magic angle 
(54° 44'), to the direction of the magnetic field to eliminate these sources of broadening 
thus improving the resolution in the spectra chemical shift. Figure 2.22 shows the set-up 
used for magic-angle sample spinning (MAS).49 The SSNMR data was collected using a 
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Varian 300MHz UNITY Inova spectrometer operating with a 7.05 T Oxford Instruments 
magnet at the University of Dum am using the MASNMR service. 
Sample 
rotor 
. Sample chamber 
i 
Driving gas 
Ho 
Rotation axis 
~c.Ang\e 
R fcoil 
Flutes 
Stator 
Figure 2.22: Schematic Diagram of a MASNMR Spectrometer 
29Si has a natural abundance of 4.6 %, which has a nuclear spin (I) ofltz that gives sharp 
spectral lines that has no quadrupole broadening or asymmetIy. Pioneering work using 
MAS NMR on zeolites were done by Lippmaa and Englehardt. '0 For the 29Si spectra 
they determined that each Si4+ is coordinated by four oxygen atoms but each oxygen is 
attached to either a Si4+ or an A13+ atom giving five possibilities: Si(OAl)4, 
Si(OAlh(OSi), Si(OAl)2(OSi)2, Si(OAl)(OSi)3, and finally Si(OSi)4- Each possibility 
shows a characteristic range of chemical shifts that can be assigned to each of the 
coordination environments. These ranges can be used in further investigation of other 
zeolites. Table 2.4 summarises the expected range of 29Si MAS NMR chemical shifts 
found in various zeolite frameworks. 
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Table 2.4: 'frPical 29Si MAS NMR Chemical Shifts for Aluminosilicate Frameworks, 
Coordination Notation Chemical Shift Range 
Si(OAI)4 Si (4AI) -86~-90,5 
Si(OAIh(OSi) Si (3AI) -88~-97 
Si(OAIh(OSi)z Si (2AI) -93 ~-102 
Si(OAI)(OSi)3 Si (IAI) -97.5 ~-107 
Si(OSi)4 Si (OAI) -101.5 ~ 116.5 
Weller and Wong'l showed that the Si29 chemical shift is related to the average T-O-T 
bond angle for zeolites and aluminosilicate sodalites by using the following relationship: 
a'ppm=1.89-0,631 Of' 
Equation 2,35 
Ramdas and Klinowskis2 examined the effect of aluminium content and average 
intraframework atomic distance on 0 for a range of zeolitic compounds and proposed a 
relationship: 
a'ppm = 143,03 + 7,95n - 20,34 ~dIT/A 
Equation 2,36 
Where: 
n = number of aluminums surrounding each silicon, 
lliIT = is the sum of the four average Si-T distances around each Si(OAI)n(Osi)4-n unit 
assuming Si-O(1) and AI-O(l) lengths of 1.62 A and 1.75 A respectively, and hence' 
defined as: 
~dIT/A = [3,37n + 3.24(4 -n)]sin(B/2) 
Equation 2,37 
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The introduction of various levels of aluminium for silicon alters the paramagnetic 
contribution to /i (the 7.95n tenn in equation (2.37» but does not appear highly 
significant for alurninosilicate sodaIites compared with the deshielding of the silicon 
nucleus through electron withdrawal from the shared oxygen as the aluminium content is 
augmented. 
The effective electronegativity of the four oxygens in the T -0 frameworlc bonds 
has been related to the 29Si chemical shift by Radegila and Engelhardt S3 They used their 
previous observation that the electronegativity of the oxygen depends on the s 
hybridization of the oxygen orbitals in the T -0 bonds, in conjunction with the relation 
between the degree of s hybridization and T -0-T bond angle proposed by Klessinger,'4 to 
fonn the correlation. where 00, a and b are constants: 
Oppm = o,/ppm + an + bcos B!(cos B-1) 
Equation 2.38 
By plotting the chemical shifts,a, against B, sin (812) or under cos 8/( cos 8· 1) where 8 
represents the framework T -0-T angle or even against lliTT a series a linear correlation 
can be obtained. 
27 AI has a natural abundance of 100 %, which has a nuclear spin (I) of % that 
gives a strong resonance, which gives a strong resonance that is broadened and rendered 
asymmetric by second-order quadrupole effects. The 27 AI MAS NMR spectra shows clear 
differences with Al3+ coordination, therefore can provide a satisfuctory method in 
distinguishing various Al3+ ions in the framework (tetrahedral) and extra framework 
(octahedral). For example, octahedral [AI(lhO).;f+ can be seen at 0 ppm while the 
tetrahedral [Al3+] ranges between 50 to 60 ppm. Similar correlations of NMR 
parameters with structural data derived from Rietveld refinement has also been applied to 
27 AI data. ss 
Some authors have also used solid state NMR to investigate the occluded species 
within the sodalite framework.39.56 For example, Dann and coworkers used 1zsTe 
MASNMR to investigate the enclatharated teUurite species in Srs(AlOz)lz(Te03n and its 
reduced counterpart SrS(AlOZ)12(Te)z. The chemical shift range for 12STe is very large and 
73 
a single resonance was observed at + 1742 ppm for TeOl- and -1373 ppm for Te2-
enclatharated species. These shift values were shown to be very similar to the simple 
salts indicating that the framework has little effect on the chemical shift in these 
materials. However, IJ3Cd MASNMR was used by Moran and coworkers56 on the 
material Cds[BeSi04]6S2 and showed that the beryl10silicate framework had a marked 
effect on the electronic behaviour of the Cd$ clusters occluded within. The cadmium 
resonance showed a large downfield shift indicating that electronic communication 
between the clusters was effectively lost and the framework had an isolating effect 
2.4 Scope. 
Due to the intricacy of the compounds presented in this thesis, none of these methods 
would be suitable on its own to ful1y identify and characterise both framework and 
enclatharated species. Hence a variety of techniques are used in each case to ensure that 
the most appropriate model is achieved and supported with the most appropriate data 
soureed from different technical areas. 
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CHAPTER 3 
3.1 Pre,paration and Characterisation of Host Structures 
The aim of this project was the investigation of intercage reactions on various sodalite 
frameworks such as noseans Na.[AlSi04]~ or hauynes [M2NlI6(AlSi04MXh]. Once the 
host structures were characterized, the parent compounds were annealed under hydrogen 
or 90 % hydrogen! 10 % hydrogen sulfide to produce a series of reduced sodalite-based 
species. These reduced products after being characterized were then annealed under 
oxygen in an attempt to reoxidize the reduced product. 
Table 3.1 summarizes the range of nosean and hauyne structures prepared either using 
hydrothermal autoclaves or by high temperature synthesis' and the reduced! oxidized 
species derived from them 
3. 1.1 Preparation of Nosean Selenite 
Nosean se1enite [1] was prepared by hydrothermal synthesis as described by Equation 
(3. I). Stoichiometric amounts of kaolin, sodium selenite (Na2Se03) and 2 M sodium 
hydroxide solution were added together and heated at 220°C for 24 hours to yield a 
creamy coloured solid. 
2 M NaOH/220 "C/24 H 
Equation 3.1 
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Table 3.1; Sodalitic Structures Prepared as a Function of Annealing Treatment. 
H2Reduced H:JH2S Reduced O2 Oxidised 
Structure Product Product Product 
Nosean Selenite Se [9] Se [13] Se04[16j 
Na.[AlSi04]6Se03 [1] 
Thiocyanide Sodalite * * * 
Na.[AlSi04]6(SCNh [2] 
Nosean Sulfate S [10] S [14] S04[17] 
Na.[AlSiO.]6S0. [3] 
Calcium Tellurite Hauyne Te [11] Te [15] Failed 
Ca2N36(AlSiO.MTe03~ [4] 
Calcium Molybdate Hauyne - - -
Ca~36(AlSiO.MMoO.~ [5] 
Calcium Sulfate Hauyne 
- - -
Ca~36(AlSiO.MSO.~ [6] 
Magnesium Molybdate Hauyne. 
- - -
M&2N36(AlSiO')6(MoO.~ [7] 
Magnesium Sulfate Hauyne S [12] - SO. [18] 
M&2N36(AlSiO.)6(S04)2 [8] 
* Thermally converted to nosean sulfate Nas[AlSi04]6S0. [3] which was used for 
annealing experiments. 
The compound remained unchanged or decomposed on annealing. 
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. 
3 1. I 1 Identification of the Occluded Species and Model 
Powder X-ray difiTaction data were co!lected on a Bruker D8 powder diffractometer 
operating with CuKal radiation at 298K The powder diffraction pattern indicated a 
prinritive cubic unit cell, typical of an ordered sodalite framework crystallizing in the space 
group P-43n, with ce!l parameter 9.01A The sodalite reflections were fully indexed in the 
space group P-43n and no unindexed reflection remained in the pattem The presence of 
the selenite anion was confirmed by infra-red analysis, see table 3.2 and figure 3.1, where 
the selenite bands were identified at 814 cm-I (vI/al) and at 787 cm-I (v:Je). 
Table 3.2: Summary oflnfra-red Data Obtained from Nosean Selenite £1] . 
. 
Experimental IR data for Literature IR Data Inference. 
nosean (1 )-selenite. 
1000 cm-I 995 cm-I Asymmetric (AI, Si-D) stretch. 
814 cm-' 816 cm-I SeD3 z- anion (vI/al) 
787 cm-I 788 cm-I SeD3'- anion (vie) 
725 cm-I 722 cm-I Symmetric (AI, Si-D) stretch. 
702 cm-I 698 cm-I Symmetric (AI, Si-D) stretch. 
658 coi' 656 cm-I Symmetric (AI, Si-D) stretch 
454 cm-I 452 cm-I (AI, Si-O) bend. 
These experimental infra-red data are in good agreement with the literature infra-red 
stretching bands at 816 cm-I and 788 coil for selenite! In addition, the f'raffiework 
absorptions are typical for a nosean framework and confirm that the sodalite framework 
has been prepared. 
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Figure 3.1: Infra-red Spectrum of NII8[AISi04].Se03 
3.1.1.2 Structure Refinement 
For structure refinement, powder X-ray diffraction data were collected over the 29 range 
20-120° using a period of 16 h with a 0.12 step. Rietveld refinement was carried out in 
the space group P-43n using the starting model of Well er and Oann2 for the seO/- group 
inside the sodalite cage using GSAS. 3 Initial stages of the refinement included all the 
instrumental parameters (background, scale factor and peak shape parameters). The 
atomic parameters of the framework (atomic positions and isotropic temperature factors) 
were then introduced, finally followed by the atomic parameters for the selenite group. 
The models of Mead4 and Brenchleys for the pyramidal XO/- group in a sodalite cage 
produced a worse fit to the data in terms of graphical fit and refinement parameters (with 
'l values of 10.6 and 20.5 respectively). The refinement profile ofselenite nosean is given 
in Figure 3.2. Final atomic parameters are summarized in Table 3.3 and derived bond 
lengths and angles are given in Table 3.4. 
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Figure 3.2: Rietveld Refinement P"oftJe for Nas[A1SiO. ). Se03 
The upper crossed red line represents the experimental data and the upper 
green solid line the calculated pattern. The lower solid pink line represents 
the fit. 
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Table 3.3· Refined Atomic Parameters for Na.[AISi0 416SeOl: e.s.d. 's are given in 
parentheses 
a = 9.0076 (8) A; S.G = P -4 3 n; Rwp = 0.0974; Rp = 0.0711 ;Rr2 = 0.1225; t = 7.581. 
Atom Wyckoff X Y Z Occupancy Biso 
Symbol 
Al 6 y. 0 1\ 1 0.0059 (9) 
Si 6 y. 1\ 0 I 0.0201 (9) 
0 (1) 24 0.1338 (2) 0.1435(1) 0.5425 (2) 0.5 0.0024 (2) 
0 (2) 24 0.1543 (2) 0.1607 ( I ) 0.45 18 (9) 0.5 0.0087 (9) 
Na ( I) 8 0.3353 (2) 0.3353 (2) 0.3353 (2) 0.21 0.0421 (7) 
Na (2) 8 0.6795 ( I) 0.6795 (1) 0.6795 ( I) 0.34 0.0032 (2) 
Na (3) 8 0.7229 (1) 0.7229 ( I ) 0.7229 (1) 0.46 0.0585 (5) 
Se 8 0.0615 (8) 0.0615 (8) 0.0615 (8) 0.125 0.0416 (1) 
0 (3) 24 0.1291 (5) 0.1291 (5) -0.0829 (9) 0.125 0.0509 (5) 
FigUl·e 3.3: Refined StructUl-e of Nas [AISiO.). SeOJ 
Selenium atom (light blue sphere) linked to three oxygen atoms (red 
spheres) surro unded by fo ur sodium cations (pink spheres). Black lines 
indicated framework T-O-T links 
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Table 3.4: Selected bond distances (A) and angles (0) fo r Na.fAlSiO.16Se01 
Cell dimension: 9.0076 (8) A 
AI-O ( I) 4 x 1.706 (7) A AI-O (2) 4 x 1.739 (6) A 
o ( I)-AI-O ( I) 4 x 104.36 (2) ° o (2)-Al-0 (2) 4 x 104.2 1 (1) ° 
2x I1 2.08(5) 0 2x I 20.60( 1) 0 
Si-O (I ) 4 x 1.587 (4) A Si-O (2) 4 x 1.663 (4) A 
0 (1) -Si-O (I) 4 x 105.64 (5) ° o (2)-S i-0 (2) 4 x 103 .52 ( I) ° 
2x lll .4I (7) ° 2 x 122.16 (7) ° 
IV Ah -16.49 IV Al2 16.69 
IV Si, -1762 IV Si2 17.35 
AI-O( I )-S i 150.35 (9) ° AI-0 (2)-Si 138.72 (3) ° 
SQQium coordination: 
Na(l) - 0(1) 3 x 2.658 (8) A Na(2) - 0 (1) 3 x 2.625 ( I) A 
3 x3.124(6) A 0 (2) 3 x 2.469 (6) A 
0 (2) 3 x 2.469 (9) A 3 x 2.918 ( I) A 
0 (3) 3 x 2.450 ( I) A 
Na(1 )-Se I x 3.530 (4) A Na(2)-Se I x 3.249 (7) A 
Na(3) - 0(1) 3 x 2.398 (7) A Selenium 
coordination: 
3 x 3.073 (I) A 
0(2) 3 x 2.224 (9) A Se-0 (3) 3 x 1.832 (8) A 
3 x 2.877 (7) A 0(3)-Se-0 (3) 94.99 (4) ° 
0 (3) 3 x 2.570 (8) A 
The AI-O and Si-O fra mework bond distances are in good agreement with the literature 
values of 1. 70 A and 1. 60 A respectively that are typically observed for aluminosilicate 
systems. The derived Se-O bond distance of 1.832(8) A is in good agreement with the Se-
o bond distance of'" 1. 80 A, which was calculated from the sing le crystal refmement of 
sodium selenite.6 
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3.1.2 Preparation ofNosean Sulfute 
Nosean sulfate [3] was prepared by the thermal conversion of thiocyanide sodalite [2] to 
nosean sulfate [3] . Thiocyanide soda lite [2] was prepared by the Hund so lution method' as 
described by Equation 2. Sodium aluminate (1 g), sodium silicate (0.42 g) and excess 
sodium thiocyanide (6.9 g) were added together and refluxed (between 130 - 160 0 C) 
with sodium hydroxide (8 MI 4.43 g) to yield a white solid. 
ExccS'l BOdiwn thiocyanidc I refi ll'( 124 H 
NaAI02 + NaSi02 ----------~) Na.[A1SiO.]G(SCN)2 
Equation 3. 2 
3.1.2.1 Identification of the Occluded Species and Model 
Powder X-ray d.iffraction data were collected on a Bruker D8 powder diffractometer 
operating with CuKa, radiation at 298K. The powder diffraction pattern indicated a 
primitive cubic unit cell, typical of an ordered sodalite framework crystallizing in the space 
group P-43n, with cell parameter 9.07 A. The soda lite reflections were fully indexed in 
the space group P-43n and no unindexed reflection remained in the pattern. Infra-red 
analysis, see Figure 3.4 and Table 3.5, indicates the presence of the SCN anion with an 
absorption at 2068 cm-' . This infra-red value is fulJy consistent with the literature for SCN 
groups' which typically have an absorption at 2070 cm-' thus confinning the presence of 
the thiocyanide anion. The infra-red absorptions of the framework are typical for a 
soda lite cage. 
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Table 3.5: Summary of Infra-red Data obtained from Thiocyanide Sodalite [21. 
Experimental IR data for Literature IR data Inference 
thiocyanide soda lite [2] . 
996 cm" 976cm-' Asymmetric (Al, Si-a) stretch. 
724 cm-' 736cm-' Symmetric (Al, Si-a) stretch. 
656 cm-' 667 cm-' Symmetric (AI, Si-C) stretch. 
456 cm-' 437 cm-' Bend (AI, Si-a). 
2068 cm-' 2067 cm-' Thiocyanide anion (SCN) 
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3.1.2.2 Structure Refmement 
For structure refinement, powder X-ray diffraction data were collected over the 29 range 
20-60° using a period of 16 h with a 0.12 step. Rietveld refinement was carried out in the 
space group P-43n. The SCN anion is a linear molecule and the sulfur and nitrogen atoms 
are placed centrally on the 12f (x, 0, 0) sites, where x was refmed to 0.1579 (1) for Sand 
0.1476 (2) for N. The carbon atom was placed in the centre of the cage at the (0, 0, 0) 
site. The Al and Si atoms were placed on the 6(c) and 6 (d) sites while tbe framework 
oxygen atoms was placed on the 24 (i) (x, y, z) site where x = 0.1541 (9), y = 0.1376 (6) 
and z = 0.4545 (3) using GSAS) Initial stages of the refmement included all the 
instrumental parameters (background, scale factor and peak shape parameters). The 
atomic parameters of the framework (atomic positions and isotropic temperature factors) 
were then introduced finally followed by the atomic parameters for the thiocyanide group. 
Final atomic parameters are summarized in Table 3.6 and derived bond lengths and angles 
are given in Table 3.7. An example of the refinement profile is given in Figure 3.5. 
Table 3.6: Refined Atomic Parameters for Na.[AISi0.l.MSCN). : e.s.d. 's are given in 
parentheses 
a = 9.0696 (7) A; S.G = P -4 3 n; Rwp = 0.1109; Rp = 0.0816;Rr> = 0.0931 ; i' =8.395. 
Atom Wyckoff X Y Z Occupancy Biso 
Symbol 
Al 6 v. 0 " 1 0.0412 (3) 
Si 6 Y. " 0 1 0.0034 (4) 
° (1) 24 0. 1541 (9) 0.1376 (6) 0.4545 (3) 1 0.0140 (4) 
Na (1) 8 0.2042 (4) 0.2042 (4) 0.2042 (4) LOOO (1) 0.0431 (7) 
S 12 0.1579 (1) 0 0 0.168 (1) 0.0615 (7) 
C 2 0 0 0 1 0.0431 (7) 
N 12 0.1476 (2) 0 0 0.168(1) 0.0615 (7) 
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Table 3,7: Selected bond distances fA) and angles (0) for Na.rAISiO.MSCN)z 
Cell dimension: 
Al-O (I) 
0(1 )-Al-O (I) 
11' Al, 
IV Si, 
AI-O(l)-Si 
Sodium coordination: 
Na(l) - 0(1) 
Na-S 
SCN coordination: 
S-N 
C-N 
S-C-N 
Na-N 
9,0696 (7) A 
4 x 1.786 (8) A 
4 x 108,85 (9) ° 
2x 110,46(5) ° 
19,59 
17,64 
143.47 (8) ° 
3 x 2,358 (I) A 
3/6 x 2,653 (2) A 
3/6 x 2,669 (6) A 
I x 1.432 (2) A 
I x 1.338 (9) A 
180,77 (I) ° 
Si-O (I) 
0(1) -Si-O (I) 
4 x 1,586 (9) A 
4 x 107,56 (5) ° 
2xI13.48(5) 0 
The (Al-O) and (Si-O) framework bond distances are in good agreement with the 
literature Al-O distance of 1,70 A and Si-O distance of 1,60 A typicalJy observed for 
aluminosilicate systems, The thiocyanide anion, which is a linear anion, was found within 
the soda lite j3-cage where the S-C bond distance was calculated to be 1.4150 (9) A and 
the C-N distance was determined to be 1.3685 (I) A, Finally the S-C-N bond angle was 
calculated to be 180 (1)°, These bond distances are slightly shorter than, but in good 
agreement with, the literature for SCN- bond distances of" 1.4 A for S-C and" I. 3 A for 
C_N,9 
3,2,1.3 Conversion to Nosean Sulfate 
Thiocyanide sodalite [2] was thermally converted to nosean sulfate [3] (850 °C/ 17 H) by 
annealing in air as described by Equation 3,3, 
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Thermal conversion 1850 °Cl 17 H. 
-------~) Nas[AISiO,MSO,) 
Equation 3.3 
3.2.1 3.1 Identification of the Occluded Species and Model 
Powder X-ray diffraction data were collected on a Bruker DS powder diffractometer 
operating with CuKu, radiation at 29SK The powder diffraction pattern indicated a 
primitive cubic unit cell, typical of an ordered sodalite framework crystallizing in the space 
group P-43n, with cell parameter 9.osA. The soda lite reflections were fully indexed in the 
space group P-43n and no unindexed reflection remained in the pattern. Infra-red analysis, 
see figure 3.6 and table 3.S, indicated the presence of the sulfate anion with a 
characteristic absorption at 1106 cm-' (vJ!f2) in good agreement with the literature va lue 
for sulfate at 11 05 cm-I. The infra-red absorptions are typical for a nosean framework and 
are in good agreement with those found for nosean sulfate'O and confirm the presence of 
the nosean framework. 
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Figut'C 3_6: Infra-t-ed Spech"m of Nosean Sulfate Fonned by Oxidation of Nosean 
Thiocyanide 
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Table 3 8: Summary oflnfra-red Data for Nosean Sulfitte [3) . 
Experimental IR data for Literature IR data Inference. 
nosean sulfate [3] . 
11 06 cm -, 1105 cm-' SO/- anion (V3/f2) 
997 cm" 995 cm-' Asymmetric (AI, Si-a) 
696 cm-' 698 cm-' Symmetric (A~ Si-a) 
668 cm-' 656 cm-' Symmetric (AI, Si-O) 
458 cm-' 458 cm-' Bend (A~ Si-O) 
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Figun~ 3,7: Conversion ofThiocyanide Nosean (black spectrum) to Sulfate Nosean 
(blue spectrum) by thel'mal h-eatment 
Figure 3.7 indicates that the occluded thiocyanide anion with infra-red absorption at 2067 
cm-' was replaced by the sulfate anion identified by the band at 11 05 cm-' on heating. 
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3.2.1.3.2 Structure Refmement 
For structure refinement, powder X-ray diffraction data were collected over the 29 range 
20-120° using a period of 16 h with a 0.12 step. Rietveld refinement was carried out in 
the space group P-43n using the starting model of nosean sulfate using GSAS.3 The 
oxygen atom of the SO, anion was placed on the 8 (e) (x, X, x) site where x = 0.4071 (1). 
The occupancy factor of the oxygen atom was constrained to equal that of the sulfur 
atom. The sodium cations were allocated to three sets of 8 (e) (XI , XI, XI), (X2, X2, X2) and 
(X3, Xl, X3) sites where XI = 0.3005 (4), X2 = 0.6968 (8), X3 = 0.7389 (9). The occupancy 
factors of the sodium cations were constrained to give a sum of four sodium cations per 
cage. The framework oxygen atoms was divided between two 24 (i) (x, y, z) and (X l, yl, 
Zl) sites, where X = 0.1445 (7), Y = 0.1540 (I), Z = 0.4983 (6) and XI = 0. 1486 (2), YI = 
0.1603 (1), ZI = 0.4542 (1), with equal occupancy. 
Table 3.9: Refmed Atomic Parameters for Na,[AISiO,16S0,: e.s.d.'s are given in 
QIlrentheses 
a = 9.0871 (5) A; S.G = P -4 3 n; R"" = 0. 1051 ; Rp = 0.0741 ;Rr = 0.0574; i = 8.656. 
Atom Wyckoff X Y Z Occupancy Biso 
Symbol 
AI 6 v- 0 \I I 0.0283 (9) 
Si 6 v- \\ 0 I 0.0002 (1) 
0(1) 24 0.1445 (7) 0.1540 (1) 0.4983 (6) 0.50 0.0277 (2) 
0(2) 24 01486 (2) 0.1603 (1) 0.4542 (1) 0.50 0.0043 (5) 
Na (I) 8 0.3005 (4) 0.3005 (4) 0.3005 (4) 0.21 0.0068 (7) 
Na (2) 8 0.6968 (8) 0.6968 (8) 0.6968 (8) 0.34 0.0390 (5) 
Na (3) 8 0.7389 (9) 0.7389 (9) 0.7389 (9) 0.46 0.0327 (9) 
S 2 0 0 0 0.50 0.0054 (1) 
0(4) 8 0.4071 (1) 0.4071 (l) 0.4071 (I) 0.50 0.0432 (6) 
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Initial stages of the refinement included all the instrumental parameters (background, scale 
factor and peak shape parameters). The atomic parameters of the framework (atomic 
positions and isotropic temperature factors) were then introduced finally followed by the 
atomic parameters for the sulfate group. The refinement profile of sulfate nosean is given 
in Figure 3.8. Final atomic parameters are summarized in Table 3.9 and derived bond 
lengths and angles are given in Table 3.1 O. 
The framework bond distances calculated for nosean sulphate [3] are similar to the 
mineral nosean sulfate distances of ",1.70 A for AI-O and ",1.60 A for Si-O respectively. 
The final refmed structure is depicted in Figure 3.9. The S-O bond distance was calculated 
to be 1.4525 (9) A with the bond angles being 109 (5) 0. This S-O bond distance is slightly 
shorter than the literature s-o bond distance of 1.54 A, which confirmed the presence of 
the sulfate anion. Bond va lence calculationsll on the central S ion gave a calculated 
valence of 6.2(2) in good agreement with the theoretical hexavalent central species. 
Figure 3.9: Refined Structu'"e of Sulfate Nosean 
Sulfur atom (yellow sphere) tetrahedrally coordinated to four oxygen 
atoms (pink spheres). Orange spheres represent the occluded sodium 
cations. Blue lines represent a T-O-T link 
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Figure 3.8: Rietveld refinement profile fo.· Na. IAISiO.)6S0• 
The upper crossed red line represents the experimental data and the upper 
green solid line the calculated pattern. The lower solid pink line represents 
the fit. 
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Table 3.10: Selected bond distances CA) and angles CO) for Na.[AlSiO. }.SO, 
C!:i1 dim!';l[!SiQn' 9.0871 (5) A 
AI-O ( I) 4 x l .721 (6) A AI-O (2) 4 x 1.773 (2) A 
o ( I)-Al-O ( I) 4 x 108.25 (3) 0 o (2)-Al-0 (2) 4 x 105.66 (7) 0 
2 x 11 2.39 (4) 0 2x 11 7.35(4) 0 
Si-O (I) 4 x 1.560 (2) A Si-O (2) 4 x 1.631 (2) A 
0(1) -Si-O ( I) 4 x 106.86 (9) 0 o (2)-Si-0 (2) 4 x 104.47 (5) 0 
2 x 11 4.66 (7) 0 2 x 120.11 (I) 0 
'V AI, ~, Al2 15.94 
IJI Si, IJI Si2 17.13 
AI-O(I)-Si 156.36 (4) 0 AI-O(2)-Si 14128 (3) 0 
Sodium coordination: 
Na( l ) - 0 ( 1) 3 x 2.632 (8) A Na(2) - 0 ( 1) 3 x2.661 (5) A 
3 x 2.816 (9) A 3 x 2.803 (5) A 
0 (2) 3 x 2.220 (9) A 0 (2) 3 x 2.928 (7) A 
3 x 2.988 (8) A 
0 (3) 3 x 2.389 ( I) A 
Na(l )-S I x3 .139(4)A Na(2)-S I x 3.098 (8) A 
Na(3) - 0(1) 3 x 2.605 (3) A 
Sulnhu r 3 x 2.615 (4) A 
coordination: 
0(2) 3 x 2.238 (4) A 
3 x 2.928 (7) A S-0 (3) 4 x 1.462 (3) A 
O(3)-S-O(3) 109.47(1) 0 
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3.1.3 Preparation of Calcium Tellurite Hauyne 
Sodium aluminum ox.ide (NaAIOz), silicon dioxide (SiOz), calcium ox.ide (CaO) and 
tellurium oxide (TeOz) were heated at 800 ° C/24 hours and then at 1 JOO°C for a further 
24 h according to Equation 3.4 
800 0 CJ 24 H 
6 NilAJOz + 6 Si02 + 2 Cao + 2 TeOz ------7) CazNa.[AlSiO. ].(TeOJ)z 
Equation 3.4 
3. 1.3. I Identification of the Occluded Species and Model 
Powder X-ray diffraction data were collected on a Bruker D8 powder diffractometer 
operating with CuKal radiation at 298K. The powder diffraction pattern indicated a 
primitive cubic unit cell, typical of an ordered sodal.ite framework crystallizing in the space 
group P-43n, with cell parameter 9. 1 A. The soda lite reflections were fully indexed in the 
space group P-43n and no unindexed reflection remained in the pattern. The presence of 
the tellurite anion was confirmed by infra-red analysis, see table 3. 11 and Figure 3.10, 
where the teUurite bands was observed at 775 cm-I (vI/al). I 
Table 3.11 ; Summary of [nfra-red Data for Calcium Tellurite Hauyne [4) . 
Experimental IR data for Literature IR data. Inference. 
calcium tellurite hauyne 
[4]. 
10 13 cm-I 1000 cm-I Asymmetric (AI, Si-O) stretch. 
773 cm -I 775 cm-I TeO/ - anion 
697 cm -I 695 cm-I Symmetric (AI, Si-O) stretch_ 
645 cm -I 646 cm-I Symmetric (A~ Si-O) stretch. 
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Figure 3.10: Infl'a-n~d spectrum ofCa,Na.lAlSiO,]6(TeOJ), 
The infra-red absorption bands observed for the hauyne framework are in good agreement 
with the literature. I ' 
3. 1.3.2 Structure Refinement 
For structure refinement, powder X-ray diffraction data were collected over the 29 range 
20-120° using a period of 16 h with a 0.12 step. Rietveld refinement was carried out in 
the space group P-43n using the starting model of Well er and Dann' for the TeOJ" group 
inside the soda lite cage using GSAS] Initial stages of the refinement included all the 
instrumental parameters (background, scale factor and peak shape parameters). The 
atomic parameters of the framework (atomic positions and isotropic temperature factors) 
were then introduced finally followed by the atomic parameters for the tellurite group. 
The refinement models of Mead' and Brenchley' for a pyramidal group produced a worse 
fit to the data in terms of graphical fit and refinement parameters (:0- = 1 1.5 and 12. I 
respectively). The refinement profile of tellurite hauyne is given in Figure 3. 11 . Final 
atomic parameters are summarized in Table 3.12 and derived bond lengths and angles are 
given in Table 3.13. A picture of the refmed structure is given in Figure 3.12. 
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FigUl'e 3.11: Rjetveld refinement profile for Ca.Na.s(A1SiO.]6(Te03h 
The upper crossed line represents the experimental data and the upper solid 
line the calculated pattern. The lower solid line represents the fit. 
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Table 3.12: Refined Atomic Parameters for C&N!!2[AISi04MTeOil~ (4): e s d. 's are given 
in parentheses 
a = 9. 1034 (I) A; S.G = P -4 3 n; R,"P = 0.1352; Rp = 0.0886;Rr2 = 0.265 1; i = 9.243. 
Atom Wyckoff X Y Z Occupancy Biso 
Symbol 
Na (I) 8 0.1809 (5) o 1809 (5) 0.1809 (5) 0.375 0.0366 (2) 
Ca ( I) 8 0.1809 (5) 0.1809 (5) 0. 1809 (5) 0.125 0.0366 (2) 
Na (2) 8 0.2382 (3) 0.2382 (3) 0.2382 (3) 0.375 0.0328 (6) 
Ca (2) 8 0.2382 (3) 0.2382 (3) 0.2382 (3) 0 125 0.0328 (6) 
Al 6 Y. 0 Y, I 0.0660 (4) 
Si 6 Y. y, 0 I 0.0141 (I) 
0(1) 24 0.1422 (5) 0.147 1 (3) 0.4579 (9) I 0.0243 (4) 
Te 8 0.064 (6) 0.064 (6) 0.064 (6) 0.25 0.0674 (3) 
0 (2) 24 0.1189 (5) 0.1189 (5) -0.013 (9) 0.25 0.0122 (7) 
Figure 3_12: Model for TeUurite Anion within a Sodalite Cage 
Centra l re (green sphere) coordinated to three oxygen atoms (red spheres) 
surrounded by three occluded cations (pink spheres) 
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Table 3. 13 : Selected Bond Distances (A) and Angles (0) for calcium tellurite hauyne [4]. 
Cell dimension: 9 1034( I)A 
AI-O ( I) 4 x 1.703 (7) A Si-O (I) 4 x 1.614 (2) A 
0(2)- AI-0(2) 4 x 109.35 (9) ° O( I )-Si-O(I ) 4 x 108.95 (I) ° 
2 x 109.69 (5) ° 2xII0.51(6) 0 
AI-O(I)-Si 148.16(1) ° 
<ps; 16.49 
<PAl 15.97 
Sodium coordination: Calcium coordination: 
a(I)-O(I) 2565(I)Ax3 Ca(I)-O(I) 2.565 (I) A x 3 
3.026 (5) A x 3 3.026 (5) A x 3 
Na(2)-0(1) 2.335 (2) A x 3 Ca(2)-0(1) 2.335 (2) A x 3 
2.963 (3) A x 3 2.963 (3) A x 3 
Na - 0(2) 2762 ( I) A x 3 Ca - o (2) 2.762 (I) A x 3 
2.910 (3) A x 3 2.910 (3) A x 3 
Na-Te 3.334 (9) A Ca-Te 3.334 (9) A 
Tellurium 
I;QordinaliQn; 
Te-O (2) 1.802 (7) A x 3 
0(2)-Te-0(2) 9803 !4l ° 
The derived (Al-O) and (Si-O) framework bond distances are similar to those previously 
determined for hauyne framewo rk in Ca2Na;;(AISi04MS04h- The pyramidal tellurite 
anion, was found within the hauyne ~cage and the refmed T e-O bond distance was 
calculated to be 1.6229 (I) A with the bond angles being 101 (4) 0. This bond distance is 
slightly shorter than the Te-O bond distance of 1.87 A determined for sodium tellurite.13 
Calculation of the bond valence using the method described by Brown generates a value of 
4. I (2) for the central tellurium, in good agreement with the theoretical valence of +4. 
This result is not in agreement with the work of Hummel lo on the tellurium based nosean, 
where the central anion was thought to be TeO/- although only cell parameters were 
determined and no infra-red analysis was performed. The formation of isolated TeO/-
100 
tetrahedra is extremely rare since tellurium rarely exhibits its highest oxidation state due to 
the inert pair effect and the tetravalent state is more stable under normal conditions. In 
materials such as K2 TeO., the TeO. formula unit is produced from edge-sharing 
octahedra14 rather than isolated tetrahedral un.its. The likelihood of producing isolated 
units increases with the increasing size of the countercation such that CS2 TeO." does 
actually contain T eOl tetrahedral units. 
3.1.4 Pre aration of Calcium Mol bdate Hau e 
Sodium aluminum oxide (NaAl02), silicon dioxide (Si02) and calcium molybdate 
(CaMoO.) were homogeneously ground and heated at 800 0 Cl 24 hours and then at 1100 
o C for a further 24 hours according to Equation 3.5 
800 0 CJ 24H 
6 NaAl02 + 6 Si02 + 2 Cao + 2 MoO, -----~) Ca2Na.[AlSiO.MMoO.)2 
Equation 3.5 
3.1.4.1 Identification of the Occluded Species and Model 
Powder X-ray diffraction data were collected on a Bruker D8 powder diffractometer 
operating with CuKa, radiation at 298K. The powder diffraction pattern indicated a 
primitive cubic unit cell, typical of an ordered sodalite framework crystallizing in the space 
group P-43n, with cell parameter 9. I3A. The soda lite reflections were fully indexed in the 
space group P-43n and no unindexed reflection remained in the pattern. Infra-red analysis, 
see figure 3. I3 and table 3. 14, indicate the presence of the molybdate anion by the 
absorption band at 831 cm-' . This value lies within the literature molybdate infra-red range 
101 
of 850 - 810 cm-' thus further confirming the presence of the molybdate anion. The infra-
red absorptions obtained for the hauyne framework are similar to those for hauyne 
observed in the literature. 
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Figure 3_13: Inf.-a-red Spectrum obtained fOl- Calcium Molybdate Hauyne [51-
Table 3. 14: Summary of the Infra-red Data for Calcium Molybdate Hauyne [5]. 
Experimental IR data for Literature IR data. Inference. 
Calcium Molybdate [5). 
1011 cm-' 1000 cm-' Asymmetric (AI, Si-O) stretch. 
831 cm-' 850 - 810 cm-' MoO/- anion 
692 cm -, 695 cm -, Symmetric (AI, Si-O) stretch. 
643 cm-' 646 cm-' Symmetric (AI, Si-O) stretch. 
102 
3. 1.4.2 Structure Refmement 
For structure refinement, powder X-ray diffraction data were collected over the 29 range 
20-120° using a period of 16 h with a 0.12 step. Rietveld refinement was carried out in 
the space group P-43n using the starting model of Has san and Grundy'6 for sulfate hauyne 
using GSAS.3 For the Mo04 anion, the oxygen atom was placed on the 8 (e) (x, X, x) site 
where x = 0.9093 (5) . While the molybdenum atom was placed in the centre of the cage at 
the (0, 0, 0) site. The sodium and calcium cations were placed on one set of 8 (e) (x" x" 
x,) sites where x, = 0.2318 (3). Ratio of occupancy was 6 Na+ to 2 ea2+ for this site. Al 
and Si were placed on the 6(c) and 6 (d) sites while the framework oxygen atoms were 
placed on the 24 (i) (x, y, z) site where x = 0.1443 (9), y = 0.1614 (I) and z = 0.4677 (6). 
Initial stages of the refinement included all the instrumental parameters (background, scale 
factor and peak shape parameters). The atomic parameters of the framework (atomic 
positions and isotropic temperature factors) were then introduced finally followed by the 
atomic parameters for the sulfate group. The refinement profile of molybdate hauyne is 
given in Figure 3. 14. Final atomic parameters are summarized in Table 3. 15 and derived 
bond lengths and angles are given in Table 3. 16. 
Table 3 15: Refined Atomic Parameters for Calcium Molybdate Hauyne [5]. 
a = 9.1711 (1) A; S.G = P -4 3 n; Rwp = 0. 1479; Rp = 0.1080; Rr2 = 0.2540; i = 12.98. 
Atom Wyckoff X Y Z Occupancy Biso 
Symbol 
Na (1) 8 0.2318 (3) 0.2318 (3) 0.2318 (3) 0.75 0.0222 (4) 
ea (1) 8 0.2318 (3) 0.2318 (3) 0.2318 (3) 0.25 0.0222 (4) 
Al 6 Y. 0 y, 1 0.0117 (8) 
Si 6 Y. y, 0 1 0.0073 (4) 
0(1) 24 0. 1443 (9) O. I 614 (1 ) 0.4677 (6) 1 00160(2) 
Mo 2 0 0 0 1 0.0365 (4) 
0(2) 8 0.9093 (5) 0.9093 (5) 0.9093 (5) 1 0.0881 (6) 
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Figure 3.14: Rietve1d ,-efinement pr-ofile ro,- Ca.Na. lAlSiO.jo(MoO.h 
The upper crossed line represents the experimental data and the upper solid 
line the calculated pattern. The lower solid line represents the fit. 
Excluded regions are included to remove the contribution of calcium 
molybdate from the profile, which could not be fitted as a second phase 
due to the limited number of reflections. 
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Table 3.16: Selected Bond Distances and Angles Derived for Calcium Molybdate Hauyne 
La 
Cell dimension: 9.1711 (3) A I 
AI-O (I) 4 x 1.793 (5) A Si-O ( I) 4 x 1.581 (S) A 
0(2)- AI-0(2) 4 x 106.9S (3) ° O( I )-Si-O(I) 4 x IOS.30 (2) ° 
2 x 114.63 (4) ° 2 x I 18. I 7 (7) ° 
AI-O(I)-Si 147.70 (7) ° 
<ps; 11.32 
<PAl 12.60 
Sodium coordination: Calcium coordination: 
Na(1 )-0(1) 2.396 (I) A x 3 Ca(1 )-0(1) 2.396 (I) A x 3 
2.848 (2) A x 3 2.848 (2) A x 3 
Na - 0(2) 2.819(S)Ax3 Ca - 0 (2) 2.819 (S) A x 3 
Na-Mo 3.682 (6) A Ca-Mo 3.682 (6) A 
Molylldenum 
coordination: 
Mo-O (2) 1.440 (2) A x 4 
0(2)-Mo-0(2) 109.47 (1) 0 
Derived (AI-O) and (Si-O) framework bond lengths are similar to those for calcium sulfate 
hauyne Ca2Na.;[AISiO.]6(SO.)216 AI-O bond distances of ", 1.7 A and Si-O bond distances 
of '" 1.60 A thus proving that a hauyne framework was prepared. The tetrahedral 
molybdate anion, was found within the hauyne ~cage where the Mo-O bond distance was 
calculated to be I.S901 (I) A with the bond angles being 109 (S) o. This Mo-O bond 
distance is rather short when compared to the literature Mo-O distance for calcium 
molybdate of 1.74 A. The large scattering density of the molybdate group may be 
obscuring the scattering the much weaker scattering from the oxygen atoms leading to 
poorly defined bond distances. The Mo bond calculated bond valence is in good 
agreement with the theoretical value of S.8(2). 
3.1.S Preparation of Calcium Sulfate Hauyne 
Calcium sulphate hauyne [6) was prepared using sealed tube conditions. Stoichiometric 
amounts of sodium aluminum oxide (NaAl02), silicon dioxide (Si02), calcium oxide 
105 
(CaO) and sodium sulfite (Na2S03) were added together and then heated under sealed 
tube conditions according to Equation 3.6. 
800 0 C/ 24H 
1100 0 Cl 24 H 
Equalion 3.6 
3. 1. 5. I Identification of the Occluded Species and Model 
Powder X-ray diffraction data were collected on a Bruker D8 powder diffractometer 
operating with CuKu, radiation at 298K. The powder diffraction pattern indicated a 
primitive cubic unit cell, typical of an ordered sodalite framework crystallizing in the space 
group P-43n, with cell parameter 9.0922 (5) A. The sodalite reflections were fully 
indexed in the space group P-43n and no un indexed reflection remained in the pattern. The 
infra-red absorptions are typical for a sulfate containing species with a prominent band at 
Il05cm-' . 
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Figun: 3_15: IR Spectmm of Calcium Sulfate Hauyne 
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Table 3.17: Summary of Infra-red data obtained for Calcium Sulfate Hauyne (6). 
Experimental IR data for Literature IR data . Inferences. 
calcium sulphate hauyne 
[6]. 
1017 cm-I 1000 cm-I Asymmetric (AI, Si-O) stretch. 
701 cm-I 695 cm-I Symmetric (Al, Si-O) stretch. 
660 cm-I 646 cm-I Symmetric (AI, Si-O) stretch. 
3.1.52 Structure Refinement 
For structure re.finement , powder X-ray diffraction data were collected over the 29 range 
20-1 20° using a period of 16 h with a 0_12 step_ Rietveld refinement was carried out in 
the space group P-43n using the starting model of Hassan and Grundy' 6 for sulfate hauyne 
using GSAS.3 For the SO, anion, the oxygen atom was placed on the 8 (e) (x, X, x) site 
where x = 0_9101 (6) . While the suJfur atom was placed in the centre of the cage at the (0, 
0, 0) site. The sodium and calcium cations were placed on one set of8 (e) (XI , XI, XI) sites 
where XI = 0_2211 (5) . Ratio of occupancy was 6 Na+ to 2 Ca2+ for this site. Al and Si 
were placed on the 6(c) and 6 (d) sites while the framework oxygen atoms were placed on 
the 24 (i) (x, y, z) site where X = 0.1399 (3), y = 0. 1509 (9) and z = 0.4714 (9). Initial 
stages of the refinement included all the instrumental parameters (background, scale factor 
and peak shape parameters)_ The atomic parameters of the framework (atomic positions 
and isotropic temperature factors) were then introduced finally followed by the atomic 
parameters for the sulfate group. The refinement profile of sulfate hauyne is given in 
Figure 3.16_ Final atomic parameters are summarized in Table 3_18 and derived bond 
lengths and angles are given in Table 3.19. 
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Figure 3.16: Rietveld refinement profile for Ca,Na. IAISiO.).(S04), 
The upper crossed red line represents the experimental data and the upper 
green solid line the calculated pattern. The lower solid line represents the 
fit. 
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Table 3. 18' Refined Atomic Parameters derived for Calcium Sulfate Hauyne (6)" e.s.d's 
are given in parentheses 
a = 9.0922 (5) A; S.G = P -4 3 n; Rwp = 0.0449; Rp = 0.0320; Rr2 = 0.2540; -l = 8.282. 
Atom Wyckoff X Y Z Occupancy Biso 
Symbol 
Na (I) 8 0.2211 (2) 0.221 1 (2) 0.2211 (2) 0.75 0.0447 (I) 
Ca (I) 8 0.221 1 (2) 0.221 1 (2) 0.2211 (2) 0.25 0.0447 (I) 
AJ 6 Y. 0 y, I 0.0124 (3) 
Si 6 Y. y, 0 I 0.0987 (I) 
0(1) 24 01399 (3) 0.1509 (9) 0.47 14 (9) I 0.0691 (9) 
S 2 0 0 0 1 0.0661 (5) 
0(2) 8 0.9042 (7) 0.9042 (7) 0.9042 (7) I 0.0353 (3) 
Table 3.19: Selected Bond Distances (A) and Angles (0) obtained from the refmement of 
Calcium Sulphate Hauyne [61. 
Cell dimensiQn: 90922 (5) A 
AJ-O ( I) 4 x 1.718 (6) A Si-O (I) 4 x 1.579 (9) A 
0(2)- AJ-0(2) 4 x 108.76 (7) ° 0(1 )-Si-O(I) 4 x I 08.94 (5) ° 
2 x 109.82 (5) ° 2 x I 10.52 (8) ° 
AJ-O(I)-Si 154.07 (2) ° 
<PSi 11.55 
<PAl 10.73 
Sodium coordinatiQn: Calci~m cQQrd ination: 
Na(I)-O(I) 2.476 (6) A x 3 Ca(1 )-0(1) 2.476 (6) A x 3 
2.846 (I) A x 3 2.846(I)Ax3 
Na - 0(2) 2.884 (2) A x 3 Ca - o (2) 2.884 (2) A x 3 
Na-S 3.482 (3) A Ca-s 3.482 (3) A 
Sulphur coQrdinatiQn: 
S-O (2) 1.507 (6) A x 4 
0(2)-S-0(2) 109.47 (I) ° 
The calcu.Iated (AI-O) and (Si-O) bo nd distances are typical for an aluminosi licate 
framework and are in good agreement with the literature thus proving that a hauyne 
framework was prepared. 
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3.1.6 Magnesium based hauynes. 
Magnesium based hauynes, Mg2NlI6[AISi04]6X2, where X is Mool- and sol- were 
prepared by high temperature synthesis. The white compound magnesium molybdate 
hauyne, Mg2Na6[A1SiO.MMo04h, (7) was prepared by reaction of sodium aluminate, 
silicon dioxide, magnesium oxide and molybdenum oxide in the correct molar 
proportions at high temperature (800 0 Cl 168 H) as described by Equation 3.7. A similar 
method was used to prepare the sulfate by substitution of the appropriate stoichiometric 
quantity of magnesium sulfute for magnesium oxide and molybdenum trioxide in a sealed 
tube reaction. A blue solid was unexpectedly obtained from this reaction. The blue 
colouration is likely to be due to some polysulfide occlusion, although how the reduction 
of the sulfate group took place under sealed tube conditions is not clear. 
800 ° C/ I68 H 
Equation 3.7 
3 1.6.1 Identification of Occluded Species and Model 
Powder X-ray diffraction data were collected on a Bruker D8 powder diffractometer 
operating with CuKll, radiation at 298K. The powder diffraction pattern indicated a 
primitive cubic unit cell, typical of an ordered sodalite framework crystall izing in the 
space group P-43n, with cell parameter 9.1 A The sodalite reflections were fully indexed 
in the space group P-43n and no unindexed reflection remained in the pattern. The 
presence of molybdate and sulfate groups was confirmed by infra-red analysis where the 
characteristic molybdate and suI fate bands were observed at 830 cm-' and 1105 cm-' 
respectively. IR data are summarised in Table 3.20 (molybdate) and Table 3.21 (sulfate) 
Example IR spectra for the molybdate and sulfate bauynes are given in Figures 3.17 and 
3.18 respectively 
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Figure 3.17: 1R spectrum of Mg,Na.[AlSiO.j.(MoO.)2 
Table 3.20: Summary of the Infra-red Data obtained for Magnesium Molybdate Hauyne 
Experimental IR data for Literature [R data. [nference. 
magnesIUm molybdate 
hauyne [7). 
1056 cm - 1000 cm - Asymmetric (AI , Si-a) stretch. 
846 cm- 850 - 810 cm - MoO. - anion 
694 cm - 695 cm - Symmetric (AI , Si-a) stretch. 
668 cm - 646 cm - Symmetric (Al, Si-a) stretch . 
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Table 3.21 : Summary of the Infra-red Data obtained for Magnesium Sulfate Hauyne [81 
Experimental IR data for Literature lR data. lnference. 
magnesIUm sulphate 
hauyne [8]. 
1002 cm-' 1000 cm-' Asymmetric (AI , Si-a) stretch. 
702 cm-' 695 cm-' Symmetric (Al , Si-a) stretch. 
668 cm-' 646cm-' Symmetric (AI, Si-a) stretch. 
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3. I 6.2 Structure Refinement 
For structure refinement, powder X-ray diffraction data were coHected over the 29 range 
20-120° using a period of 16 h with a 0.12 step. Rietveld refinement was carried out in 
the space group P-43n using the starting model of Hassan and Gnmdyl 5 for sulfate 
hauyne using GSAS.3 For the S04 anion, the oxygen atom was placed on the 8 (e) (x, x, 
x) site where x = 0.9101 (6). While the sulfur/molybdenum atom was placed in the centre 
of the cage at the (0, 0, 0) site. The sodium and magnesium cations were placed on one 
set of 8 (e) (Xl, XI , XI) sites where XI = 0.20. Ratio of occupancy was 6 Na+ to 2 Mg2+ for 
this site. AI and Si were placed on the 6(c) and 6 (d) sites while the framework oxygen 
atoms were placed on the 24 (i) (x, y, z) site where X = 0.14, Y = 0.15 and z = 0.46. Initial 
stages of the refinement included all the instrumental parameters (background, scale 
factor and peak shape parameters). The atomic parameters of the framework (atomic 
positions and isotropic temperature factors) were then introduced finally followed by the 
atomic parameters for the sulfate group. The refinement profile of molybdate hauyne is 
given in Figure 3.19. Final atomic parameters are summarized in Table 3.22 and derived 
bond lengths and angles are given in Table 3.23 for molybdate hauyne. The refinement 
profile of sui fate hauyne is given in Figure 3.20. Final atomic parameters are summarized 
in Table 3.24 and derived bond lengths and angles are given in Table 3.25 for molybdate 
hauyne. 
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fit. 
114 
Table 3.22: Refined Atomic Parameters for Magnesium Molybdate Hauyne [71. 
a = 9.0665 (7) A; S.G = P -4 3 n; Rwp = 0.1177; Rp = 0.0823; Rr2 = 0.1847; i = 9.730. 
Atom Wyckoff X Y Z Occupancy Bi80 
Symbol 
Na (I) 8 0.2231 (I) 0.2231 (I) 0.2231 (I) 0.75 0.0356 (3) 
Mg (I) 8 0.2231 (I) 0.2231 (I) 0.2231 (I) 0.25 0.0356 (3) 
AI 6 V- 0 Yi I 0.0095 (2) 
Si 6 V- Yi 0 I 0.0164 (4) 
0(1) 24 0.1409 (2) 0.1563 (I) 0.4791 (8) I 0.0242 (4) 
Mo 2 0 0 0 I 0.0879 (5) 
0(2) 8 0.9012 (5) 0.9012 (5) 0.9012 (5) I 0.0778 (9) 
Table 3.23 : Selected Bond Distances lA) and Angles 1°) Derived from the Refinement of 
Magnesium Molybdate Hauyne [7]. 
Cell dimension: 90665 (5) A 
AI-O (I) 4 x 1.738 (4) A Si-O (I) 4 x 1.545 (8) A 
0(2)- AI-0(2) 4 x 108.88 (4) ° O( I )-Si-O(I) 4 x 107.57 (6) ° 
2 x 110.65 (3) ° 2 x 113 .33 (2) ° 
AI-O(1 )-Si 154.81 (1) ° 
Cj>s; 8.397 
<PAl 7.580 
Sodium coordination: Magnesium 
cOQrgination; 
Na(1 )-0(1) 2.512 (4) A x 3 Mg(I)-O(I) 2.512 (4) A x 3 
2.757 (9) A x 3 2.757 (9) A x 3 
Na-0(2) 2.797 (6) A x 3 Mg - O (2) 2.797 (6) A x 3 
Na-Mo 3.503 (5) A Mg-Mo 3.503 (5) A 
Molybdenum 
coordination: 
Mo-O (2) 1.550 (8) A x 4 
0(2)-Mo-0(2) 109.47(1) ° 
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fit. 
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Table 3.24: Refined Atomic Parameters for Magnes ium SuI fate Hauyne [81. 
a = 9.11 23 (7) A; S.G = P -43 n; Rwp = 0. 1085; Rp = 0.0781; Rr2 = 0.27 11 ; i = 7.829. 
Atom Wyckoff X Y Z Occupancy B iso 
Symbol 
Na ( 1) 8 0.2189 (7) 0.2189 (7) 0.2189 (7) 0.75 0.0210 (2) 
Mg (1) 8 0.2189 (7) 0.2189 (7) 0.2 189 (7) 0.25 0.0210 (2) 
AJ 6 Y. 0 Y, 1 0.0491 (9) 
Si 6 Y. Y, 0 1 0.0366 (9) 
0(1) 24 0.1384 (9) 0.1516 (4) 0.4619 (9) 1 0.0609 (8) 
S 2 0 0 0 1 0.0689 (6) 
0(2) 8 0.9047 (9) 0.9047 (9) 0.9047 (9) 1 0.0379 (5) 
d An les 0 Ob i ed from the refmement f 
Magnesium Sulfute Hauyne [81. 
Cell dimension: 9.1123 (7) A 
AJ -O (1) 4 x 1.749 (9) A Si-O(I) 4 x 1 .586 (l) A 
0(2)- Al-0(2) 4 x 108 .99 (9) 0 0(1 )-Si-O(I ) 4 x 108.62 (I ) 0 
2 x 109.70 (8) 0 2 x 111.18 (5) 0 
AJ-O(1 )-Si 149.88 (4) 0 
<ps; 14.1 1 
CPAI 15.39 
Sodium coordination: Magnesium 
coordination: 
Na(1 )-0(1) 2.412 (1) A x 3 Mg(1 )-0(1) 2.412(I)Ax3 
2.925 (9) A x 3 2.925 (9) A x 3 
Na - 0(2) 2.932 (9) A x 3 Mg - 0 (2) 2.932 (9) A x 3 
Na-S 3.456 (5) A Mg-S 3.456 (5) A 
Sulphur coordination : 
S-O (2) 1.502 (6) A x 4 
0(2)-S-0(2) 109.47(1) 0 
117 
The bond distance Mo-O of the molybdate anion was derived from the atomic parameter 
to be 1.8755 (3) A with the bond angles perfectly tetrahedral 109 (5) o. This calculated 
Mo-O bond distance is slightly longer than the literature Mo-O distance of 1.74 A 
determined for calcium molybdate. The corresponding bond distance for the 8-0 bond in 
the sulfate anion was determined to be 1.5519 (7) A with its bond angles being 109 (5) o . 
This calculated 8-0 bond distance is in good agreement with typical 8-0 bond distances 
in sulfates of typically 1.54 A. A diagram depicting the occlusion of the tetrahedral 
group within the hauyne structure is shown in Figure 3.21. 
FigUl'e 3.21: Occlusion ofTetr'ahedral Anion within the Sodalite Cage 
Framework (blue lines) containing a tetrahedral X species (yellow sphere) 
surrounded by four oxygen atoms (pink spheres) and four MglNa cations 
(orange spheres) 
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CHAPTER 4 
4 .1 Nosean Annealing Experiments 
Both nosean sulphate Na8[AlSiO.]6S0, and nosean selenite Na8[AlSiO,]6Se03 were 
annealed under hydrogen or under 90 % hydrogen! 10 % hydrogen sulfide in order to 
reduce the encapsulated anion . These reduced products, once characterized by infra-red 
analysis, X-ray diffraction, Raman spectroscopy and solid state NMR, were then 
annealed under oxygen in an attempt to reverse the process to regenerate the original 
starting material. Table 4.1 summarises the annealing results obtained for both nosean 
selenite Na8[AISiO.)6Se03 and nosean sulphate Na8[AlSiO.)6S0 •. 
Table 4 .1: Summary of Annealing Experiments for Nosean Materials. 
Nosean H2 annealed H2 I H2S annealed Reoxidised 
product product. product. 
Nosean selenite Se (9) Se (13) SeO. [I6a] 
Na8(AlSiO.l6(Se03) [I) SeO. [I6b) 
Nosean su Iphate S (10) S (14) SO, [I7a] 
Na8(AlSiO, l6(SO,) (2) SO. [17b) 
4,1.1 Annealing Experiments on Na8[AlSiO~h~Jlll1 
4.1.1 .1 Reduction reactions involving nosean selenite Na8[AISiOJ§Se03 [1). 
Nosean selenite [Na8(AlSiO,MSe03») [1] was annealed under hydrogen (600 0 Cl 13 H) 
or under 10 % hydrogen sulphide I 90 % hydrogen (800 0 Cl 5 H), in an open alumina 
boat in a tube furnace according to Equation 4.1/ 4.2 to produce a grey solid. 
Nas[AlSiO,)6Se03 ------~l Na8[AlSiO,)6Se 
[1) ~) 
Eqllation 4.1 
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H S IH - 800 ° C_ S H 
2 2 
Nas[A1SiO.)6Se03 ------~) Nas[A1Si04)6Se 
(1) (13) 
Equation 4.2 
4.1.1.1.1 Identification of the Occluded Species and Model 
Powder X-ray diffraction data were collected on a Bruker 08 powder diffractometer 
operating with CuKo:) radiation at 298K. The powder diffraction pattern indicated a 
primitive cubic unit cell, typical of an ordered sodalite framework crystallizing in the 
space group P-43n, with cell parameter 8.92A. The sodalite reflections were fully 
indexed in the space group P-43n and no unindexed reflection remained in the pattern. 
The loss of the selenite anion was confirmed by infra-red analysis as the selenite 
absorption bands at 814 cm') (vda) and at 787 cm') (v:Je) disappeared from the IR 
spectrum (Figure 4.1) 
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Figure 4,1: Comparison oflR spectra from Nas[AlSi04]6Se03 befor'e (r'ed) and 
after' hydrogen annealing (blue) and H2S annealing (black), 
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Table 4.2: Comparison of IR Data obtained from the Parent Material and the Reduced 
Product (I). 
Nosean Nosean selenide Nosean selenide Literature Inference 
selenite Nas[AISi04]6Se Nas[AlSi04]6Se Infra-red 
[1] IR H2[9] IR Data 90%H2/ 1O % H2S Data 
Data [13] IRData 
1000 cm-' 999 cm - 995 cm'T 995 cm-' Asymmetric (Al, Si-a) stretch 
814 cm~ 
- -
816cm-! Se032- anion 
787 cm-' 
- -
787 cm-' Se03 <- anion 
725 cm-! 726 cm'! 731 cm-' 722 cm-! Symmetric (Al , Si- 0) stretch 
702 cm"'T 703 cm"'T 706 cm'T 698 cm-' Symmetric (Al, Si- 0) stretch 
659 cm-! 658 cm-! 661 cm-' 656 cm-! Symmetric (AI , Si- 0) stretch 
459 cm"'T 461 cm"'T 462 cm"'T 452 cm-' (Al, Si-O) bend. 
Comparison of the infra-red absorptions from the nosean selenite [1] and nosean selenide 
[9,13] frameworks , show a decrease in the frequency of the 900 - 1000 cm-! asymmetric 
stretch and an increase in the frequency of the symmetric stretch in the 730 - 650 cm-I 
region . These changes correspond to decrease in the cell dimension as the larger selenite 
group is reduced and replaced by the smaller selenide anion. These data are fully 
consistent with previous work correlating the changes in the frequency of IR framework 
bands with cell parameter for sodalite systems. 1,2 
The ZI Al MASNMR. and 29Si MASNMR spectra of nosean selenide [9,13] are shown in 
Figures 4.2 and 4.3 . The A13+ resonance at 63 .8 ppm is typical for tetrahedral framework 
aluminium. The Si4+ resonance at - 86.2 ppm is typical for a Si(OAI). framework silicon 
as expected in this ordered sodalite framework. These spectra are similar to the literature 
where resonances of 63 .8 ppm for 27 AI and -85.3 ppm for 29Si resonance have been 
observed for chloride sodalite, Nas[AlSiO.]6Ch3 
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FigUl·e 4.2: 27 AI NMR spectrum fo,· Nosean Selenide [9,13). 
-86.1'1 
- 60 - t OO 
Figure 4.3: 29Si NMR Spectrum for Nosean Selenide 19,13). 
In comparison to the selenide, the selenite spectra show a significant upfield shift for both 
27AJ and 29Si bands from 59.4 ppm and - 88.0 ppm to 63 .8 ppm and - 86.1 ppm 
respectively. [9,13]. Low shifts in framework systems are associated with disruption of 
the hybridization at the metal centre caused by deformation of the tetrahedral, and here 
the framework will be considerably more distorted when containing the smaller selenide 
species, since the tilt angle changes from 12 to 25° to allow coordination of the 
framework oxygen to the smaller species. 
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4. I 1 1.2 Structure Refinement 
For structure refinement, powder X-ray diffraction data were collected over the 2e range 
20-1200 using a period of 16 h with a 0.12 step. Rietveld refinement was carried out in 
the space group P-43n using a modified version of the model from Hassan and Grundy" 
for nosean sulfate using GSAS. S The Al and Si atoms were placed on the 6(c) and 6(d) 
sites while the framework oxygen atom was divided between two sets of24(i) (XI , Y I, ZI) 
and (x2, Y2, Z2) sites with equal occupancies. The sodium cations were allocated three 8(e) 
(x, x, x) sites with various occupancies that can be added up to equal to one. Finally the 
selenium atom was placed in the centre of the cage at the (0, 0, 0) site. Initial stages of 
the refinement included all the instrumental parameters (background, scale factor and 
peak shape parameters). The atomic parameters of the framework (atomic positions and 
isotropic temperature factors) were then introduced, finally followed by the atomic 
parameters for the selenide group. The refinement profile of selenide nosean produced 
by hydrogen annealing is given in Figure 4.4 and the refmed structure in Figure 4.5. 
Final atomic parameters are summarized in Table 4.3 and derived bond lengths and 
angles are given in Table 4.4. Simiilar data for the selenide nosean produced by annealing 
in hydrogen/hydrogen sulfide are given in Tables 4.5 and 4.6. 
Table 4.3: Atomic sitions obtained for nosean selenide-H 9 . 
a = 8.9935 (4) A; S.G = P -4 3 n; Rwp = 0.1041 ; Rp = 0.0771 ;Rr2 = 0.0967; i = 8.656. 
Atom Wyckoff X Y Z Occupancy Biso 
AI 6 . 0 ,., 1 0.0538 (5) 
Si 6 Y. " 0 1 0.0282 (6) 
0(1 ) 24 0.1342 (7) 0.1520 (5) 0.5415 (5) 0.5 0.0079 (8) 
0(2) 24 0.1484 (9) 0.1539 (2) 0.4534 (5) 0.5 0.0047 (8) 
Na (1) 8 0.3667 (9) 03667 (9) 03667 (9) 0.21 0.0411 (3) 
Na (2) 8 0.6763 (2) 0.6763 (2) 0.6763 (2) 034 0.051 6 (5) 
Na (3) 8 0.7021 (4) 0.7021 (4) 0.7021 (4) 0.46 0.0083 (7) 
Se 2 0 0 0 0.5 0.0921 (2) 
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Table 4.4: Dervied Bond Distances ( A) and Angles CO) obtained from the Refinement of 
Nosean Selenide-Hl [91. 
Cell dimension: 
AI-O (1) 
0(1 )-Al-O (1) 
Si-O (I) 
0(1) -Si-O (1) 
IV AI, 
IjI Si, 
AI-O(1 )-Si 
Sodium coordination: 
Na(l) - 0(1) 
0(2) 
Na(3) - 0(1) 
0(2) 
Na 3 -Se 
8.9935 (4) A 
4 x 1.758 (7) A 
4 x 107.42 (6) 0 
2 x 110.50 (3) 0 
4 x 1.540 (8) A 
4 x 109.08 (2) 0 
2x 110.25 (3) 0 
-15.27 
-17.17 
148.96 (8) 0 
3 x 2.930 (I) A 
3 x 2.850 (8) A 
3 x 2.443 (4) A 
3 x 3.145 (4) A 
3 x 2.351 (4) A 
3 x 2.912 (5) A 
1 x3 .148 7 A 
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AI-O (2) 4 x 1.710 (2) A 
o (2)-Al-0 (2) 4 x 106.55 (3) 0 
2xI15.47(9) 0 
Si-O (2) 4 x 1.644 (9) A 
o (2)-Si-O (2) 4 x 106.02 (1) 0 
2 x 116.62 (I) 0 
IjI Al2 16.85 
IjI Si2 17.42 
AI-O(2)-Si 142.77 (7) 0 
Na(2) - 0(1) 3 x 2.598 (8) A 
0(2) 3x2.513(I)A 
3 x 2.971 (7) A 
Na(2)-Se I x 2.746 (5) A 
Na(2)-Se-Na(2) 109.47( 1) 0 
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Figure 4.4: Rietveld Refinement P,·ofIle fOl· Nas[AISiO.)6Se 
The upper crossed red line represents the experimental data and the upper 
green so lid line the calculated pattern. The lower solid pink line represents 
the fit. 
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Table 4.5: Atomic positions obtained for nosean selenide-90 % H, / 10 % H,S [131. 
a = 8.9289 (2) A; S.G = P -4 3 n; Rwp = 0.0934; Rp = 0.0708;Rr2 = 0.0784; i = 6.377. 
Atom Wyckoff X Y Z Occupancy Biso 
Symbol 
AI 6 y, 0 '" 1 0.0243 (7) 
Si 6 ,. , 0 1 0.0444 (4) 
0(1) 24 0.1464 (9) 0.1594 (3) 0.5409 (1) 0.5 0.0312 (9) 
0(2) 24 0.1331 (I) 0.1476 (6) 0.4539 (9) 0.5 0.0061 (9) 
Na (1) 8 0.3685 (9) 0.3685 (9) 0.3685 (9) 0.21 0.0518 (6) 
Na (2) 8 0.6820 (2) 0.6820 (2) 0.6820 (2) 0.34 0.0096 (9) 
Na (3) 8 0.6969 (6) 0.6969 (6) 0.6969 (6) 0.46 0.0286 (9) 
Se 2 0 0 0 0.5 0.0295 (1) 
AI-O and Si-O framework bond lengths are typical for aluminosilicate framework 
systems. The refined structure is depicted in Figure 4.5. 
Figure 4.5: Structure of Selenide Nosean. 
Framework tetrahedral atoms (pink spheres) linked by T-O-T links (blue 
bonds). Central selenide anion (pink sphere) tetrahedrally linked to four 
sodium cations (light blue spheres) 
127 
Table 4.6: Bong distances and angles obtained from the refinement of nosean selenide-
90 % H~ I 10 % H~S . 
Cell gimension: 8.9289 (2) A 
Al-O (I) 4 x 1.736 (1) A Al-O (2) 4 x 1.73 1 (I) A 
0(1 )-Al-O (I) 4 x 106.46 (I) 0 o (2)-Al-0 (2) 4 x 104.69 (4) 0 
2 x 115.67 (5) 0 2 x 132.51 (8) 0 
Si-O (I) 4 x 1.580 (6) A Si-O (2) 4 x 1.554 (4) A 
0(1) -Si-O (1) 4xI05 .17(3) 0 o (2)-Si-0 (2) 4 x 105.71 (9) 0 
2 x 118.45 (8) 0 2 x 134.1 I (9) 0 
\jI Al , -14.39 \jI Al2 17.33 
\jI Si, -15.60 \jI Si2 19.10 
Al-O(1 )-Si 147.78 (1) 0 Al-0(2)-Si 144.23 (4) 0 
Sodium coordination: 
Na(l) - 0(1) 3 x 2.936 (9) A 
3 x 3.128 (6) A 
Na(2) - 0(1) 3 x 2.436 (4) A 
0(2) 3 x 2.982 (3) A 0(2) 3 x 2.486 (3) A 
3 x 3.030 (4) A 
Na(2)-Se I x 2.815 (I) A 
Na(2)-Se-Na(2) 109.47 (I) 0 
a(3) - 0(1) 3 x 2.405 (4) A 
3 x 2.988 (9) A 
0(2) 3 x 2.353 (6) A 
3 x 3.121 (9) A 
NaI3)-Se I x 3.046 1) A 
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Table 4.7: Comparison between Bond Distances and Angles obtained for Nosean Selenite 
f1l and Nosean Selenide [9, 13J. 
Nosean selenite Nosean selenide Nosean selenide 
Nas(AISiO.)G(Se03) Nas(AISiO.)G(Se) Nas(AISiO.)G(Se) 
[1] [9] [13] 
H2 90 % H2 1 0 % H2S 
AI-O (I) 1.706 (7) A 1.758 (7)7\ 1.736 (I )A 
O- AI - O(I) 104.36 (2) 0 + 112.08 (5) 0 107.42 (6) 0 + 110.50 (3) 0 106.46 (1) 0 + 11 5.67 (5) 0 
AI-O (2) 1.739 (6)7\ 1.7 10 (2) 1.73 1 ( I)A 
0-Al-0(2) 104.21 (1) 0 + 120.60 (1) 0 106.55 (3) 0 + 115.47 (9) 0 104.69 (4) 0 + 132.51 (8) 0 
Si-O (1) 1.587 (4)7\ 1.540 (8) A 1.580 (6) A 
O- Si- 0 (1) 105.64 (5) 0 + 111.41 (7) 0 109.08 (2) 0 + 110.25 (3) 0 105.17(3) 0+ 118.45(8) 0 
Si-0(2) 1.663 (4) A 1.644 (9) A 1.554 (4) A 
0 -Si-0(2) 103.52 (1) 0 + 122.16 (7) 0 106.02 (I) 0 + 116.62 (1) 0 105.71 (9) 0 + 134.11 (9) 0 
AI-O(I)-Si 150.35 (9) 0 148,96 (8) 0 147.78(1) 0 
AI-0(2)-Si 138.72 (3) 0 142,77 (7) 0 144.23 (4) 0 
Na-O 2.4698 (5) A + 2.9181 (2) A 2.513 (1) A + 2.97 1 (7) A 2.486 (3) A + 3030 (4) A 
Na-Se 3.0161 (6)7\ 2.746 (5)1\ 2.815(I)A 
Na-Se-Na - 109.47 (1) 0 109.47 (1) 0 
Se-O 1.832 (8) A - -
O-Se-O 94.99 (4) 0 - -
Cell 9.0076 (8) A 8.9935 (4) A 8.9289 (2) A 
Dimension 
From table 4.9 it is apparent that a reduction reaction has occurred as the cell dimension 
was reduced from '" 9,01 A for nosean selenite [1] to '" 8,90 A for nosean selenide [9, 
13]. The sample produced by reduction in the H2S stream is notably smaller than the 
sample produced in pure hydrogen, This may be indicative of partial replacement of 
selenide with sulfide, though refinement to investigate site sharing was unsuccessful. 
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The sodium cations are found within a tetrahedral arrangement around the central 
selenium atom to form a sodium selenide tetrahedron. From nosean selenide refinements 
the Na-Se bond distance was calculated to be 2 .746 (5) A for nosean selenide-H2 [9] and 
2.815 (I) A for nosean selenide-90 % H2 1 10 % H2S [13] with the Na-Se bond angles 
being 109 (5) 0. These Na-Se bond distances are slightly shorter then the literature Na-Se 
bond distance of2.94 A derived from the single-<:rystal determination ofNa2Se6 
4.1.1.2 Oxidation reactions using nosean selenide Na!lAlSiO!l6Sel [9,13]. 
4.1.1.2 I Identification of the Occluded Species and Model 
Grey nosean selenide (Na8(A1SiO.)6(Se)] [9,13) was annealed under oxygen (600 0 Cl 8 
H) to a pink solid as seen by Equation 4.3/ 4.4. 
Nas(AISiO.).;(Se) -------7) Na8(A1SiO.)6(Se04) 
[9) [16a) 
o I 600 ° CI 8H 
2 
Na8(AlSiO.)6(Se) -----~) Na8(A1SiO.)6(SeO.) 
[13] [16b] 
Equation 4.3 
Equation 4. 4 
The infra-red spectra of the products are shown in Figure 4.6 and the data are tabulated in 
table 4.8. A new infra-red absorption has appeared in the spectrum at 893 cm"' . This 
infra-red absorption is indicative of a selenate group which typically has an JR active 
absorption between 840 - 910 cm"'.7 By comparing the infra-red absorptions of the 
nosean framework for the nosean selenide [9,13) and nosean selenate [16a-b), the 
frequency of the symmetric absorption decreases in the 730 - 650 cm"' region but the 
frequency of the asymmetric absorption increases in the 990 - 1005 cm"' region . 
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These changes are indicative ofan expansion in the sodalite framework on changing from 
the Se2- anion to the SeOt anion and are consistent with past studies. 
Figure 4_6: m spectra for the Oxidation of the 9 (blue) to 16a (green) and f.-om 13 
(black» to 16b (.-ed) 
Table 4.8: Infra-red results obtained from the reduction of nosean selenide [9_131. 
Nosean Nosean Nosean Nosean Literature Inference 
selenide Selenate selenide Se1enate Data 
H2 [9] [16a] [13] [16b] 
999 cm-' 1004 cm-' 995 cm-' 1004 cm-' 995 cm-' Asymmetric (Al , Si-O) stretch 
-
892 cm-' 
-
892 cm-I 840 - 910cm-' Selenate (SeO/ -) anion 
725 cm-' 722 cm-' 731 cm-' 724 cm-' 722 cm-' Symmetric (Al , Si-O) stretch 
702 cm-' 697 cm-' 706 cm-' 698 cm-' 698 cm- Symmetric (AI, Si-O) stretch 
658 cm-I 654 cm-I 662 cm-I 656 cm-I 656cm Symmetric (Al , Si-O) stretch 
461 cm-' 455 cm-' 462 cm-' 453 cm-I 452 cm- (Al , Si-O) bend 
13 1 
Raman spectroscopy confinned the presence of the selenate anion (T d), see table 4.9 and 
Figure 4 .7, as characteristic Raman absorptions were observed at 895m"' (V3) and at 845 
cm"' (vJ). These Raman bands are simi lar to the literatu re values for sodium selenate of 
833 cm"' (VI) and 875 cm"' (vJ).' Presence of the sodalite cage was also confinned, as the 
band at 985 cm"' is similar to the literature Raman value of988 cm"', previously observed 
for the sodalite framework. 8 
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Figur"e 4"7: Raman spectrum obtained from Nosean Selenate [16a-bJ" 
Table 4 11 ; Raman data obtained for nosean selenate [l6a-b]. 
Raman data observed for Literature Data. Inference. 
nosean selenate [16a-b}. 
895 cm"' 875 cm"' SeO/" anion (V3) 
845 cm"' 833 cm"' SeO."" anion (v,) 
430 cm"' 432 cm"' SeO/" anion (v.) 
985 cm"' 988 cm"! Sodalite framework. 
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Solid state nuclear magnetic resonance on nosean selenate [l6a-bl indicate the presence 
of tetrahedral AI3+ with a resonance at 59.4 ppm and Q4 tetrahedral Si4+ with a resonance 
at - 90.7 ppm., These shifts are entirely consistent with previous work and are down field 
of both selenite and selenide. 
4.1.1.2.2 Structure Refinement 
For structure refinement, powder X-ray diffraction data were collected over the 28 range 
20-120° using a period of 16 h with a 0 .12 step. Rietveld refinement was carried out in 
the space group P-43n using the starting model of nosean sulfute using GSAS. The 
oxygen atom of the Se04 anion was placed on the 8 (e) (x, x, x) site where x = 0.4076 (5). 
The occupancy factor of the oxygen atom was constrained to equal that of the selenium 
atom. The sod ium cations were allocated to three sets of8 (e) (XI , XI , XI), (X2, X2, X2) and 
(X3, ){J, X3) sites where XI = 0.2557 (5), X2 = 0.6884 (2), X3 = 0.7160 (3). The occupancy 
factors of the sodium cations were constrained to give a sum of four sodium cations per 
cage. The framework oxygen atoms was divided between two 24 (i) (x, y, z) and (XI , YI , 
Z l) sites, where X = 0.1379 (4), y = 0.1488 (7), Z = 0.53 16 (9) and XI = 0.1534 (2), YI = 
0.1532 (1), ZI = 0.4527 (9), with equal occupancy. Initial stages of the refinement 
included all the instrumental parameters (background, scale factor and peak shape 
parameters). The atomic parameters of the framework (atomic positions and isotropic 
temperature factors) were then introduced, finally followed by the atomic parameters for 
the selenate group. The refinement profi le of selenate nosean produced by hydrogen 
annealing is given in Figure 4.8. Final atomic parameters are summarized in Table 4.10 
and derived bond lengths and angles are given in Table 4.11. Similar data for the 
selenide nosean produced by annealing in hydrogenJhydrogen sulfide are given in Tables 
4.12 and 4.13. 
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Table 4.1 O· Refined Atomic Parameters for Nosean Selenate-Hl [16a]. 
a = 9.0886 (6) A; S.G = P -4 3 n; Rwp = 0.1047; Rp = 0.0755;Rr2 = 0.1007; :l = 8.449. 
Atom Wyckoff X Y Z Occupancy B i50 
Symbol 
AI 6 y, 0 " 1 0.011 2 (6) 
Si 6 y, " 0 1 0.0079 (3) 
0 (1 ) 24 0.1510(9) 0.1617 (9) 0.4855 (1) 0.5 0.0041 (2) 
0(2) 24 0.1445 (9) 0.1541 (6) 0.4523 (2) 0.5 0.0049 (1) 
Na ( I) 8 0.3065 (5) 0.3065 (5) 0.3065 (5) 0.21 0.0067 (9) 
Na (2) 8 0.6999 (9) 0.6999 (9) 0.6999 (9) 0.34 0.0199 (9) 
Na (3) 8 0.7647 (5) 0.7647 (5) 0.7647 (5) 0.46 0.0044 (I) 
Se 2 0 0 0 0.50 0.0191 (6) 
0(3) 8 0.3987 (5) 0.3987 (5) 0.3987 (5) 0.50 0.0484 ( I) 
Table 4. 12: Refined Atomic Parameters fo r Nosean Selenate- 90 % Hz / 10 % HzS. 
a = 9.0855 (8) A; S.G = P -43 n; Rwp = 0.1064; Rp = 0.0709;Rr2 = 0.0834;:l = 9.218. 
Atom Wycko/'f X Y Z Occupancy B i50 
Symbol 
AI 6 y, 0 " 1 0.0 104(4) 
Si 6 y, n 0 1 0.0022 (7) 
0(1) 24 0.1349 (4) 0.1473 (6) 0.5345 (3) 0.5 0.0128 (9) 
0(2) 24 0.1536(1) 0.1570 (5) 0.4581 (8) 0.5 0.0127 (9) 
Na (I) 8 0.2716 (8) 0.2716 (8) 0.2716 (8) 0.21 0.0497 (8) 
Na (2) 8 0.6690 (8) 0.6690 (8) 0.6690 (8) 0.34 0.0025 (9) 
Na (3) 8 0.7168 (3) 0.7168 (3) 0.7 168 (3) 0.46 0.0038 (I) 
Se 2 0 0 0 0.5 0.0589 (5) 
0(3) 8 0.3991 (3) 0.3991 (3) 0.3991 (3) 0.5 0.0898 (5) 
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Tabl!:! 4 11 ' BQnd disll!!!ce~ and !!I!gl!lS Qbtained frQm the refinement of nQsean ~h:nill!:!-
H6 [16a]. 
C!:! ll dimllns iQn: 9.0886 (6) A 
AI-O ( I) 4 x 1.728 (5) A AI-O (2) 4 x 1.751 (8) A 
0(1 )-AI-O (I ) 4 x 105.69 (5) 0 o (2)-AI-0 (2) 4 x 107.40 (2) 0 
2xI17.32(1) 0 2x 11 3.69(4) 0 
Si-O (I) 4 x 1.595 (5) A Si-O (2) 4 x 1.635 (I) A 
0(1) -Si-O (I) 4 x 104.62 (5) 0 o (2)-Si-0 (2) 4 x 106.48 (7) 0 
2 x 119.67 (1) 0 2x 115.62(1) 0 
IjI Ah 5.12 IjI Al2 17.19 
IjI Sil 5.49 IjI Si2 18.27 
AI-O(I )-Si 150.31 (8) 0 AI-0(2)-Si 143.13(7) 0 
SQdium coordination: 
Na(I) - O(I) 3 x 2.524 (4) A Na(2) - 0(1) 3 x 2.655 (5) A 
3 x 2.957 (2) A 3 x 2.685 (2) A 
0(2) 3 x 2.416 (7) A 0(2) 3 x 2.384 (7) A 
0(3) 1 x 1.451 (4) A 3 x 2.969 (7) A 
0(3) 3 x 3.017 (7) A 
3 x 3.128 (9) A 
Na(I)-Se I x 3.045 (3) A Na(2)-Se 1 x 3.148 (2) A 
Na(3) - 0 (1) 3 x 2.443 (4) A 
3 x 2.733 (6) A SIli!:nil!m 
coordination: 
0(2) 3 x 2.260 (3) A Se-O(3) 4 x 1.593 (9) A 
3 x 3.047 (2) A O(3)-Se-O(3) 109.47 (1) 0 
0(3) 3 x 2. I 09 (4) A 
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Table 4 13' Bond distances and angles obtained from the refinement of nosean selenate-
90 % Hz I 10 % HZS. 
C~II Qim~nsiQn ; 9.0855 (8) A 
AI-O ( I) 4 x 1.727 (6) A 
0(1 )-AI-O (1) 4 x 105.52 (2) 0 
2xllI.48(1) 0 
Si-O( I) 4 x 1.571 (8) A 
O(I)-Si-O (I) 4 x 107.24 (2) 0 
2 x 11 0.59 (8) 0 
IjI All -13 .17 
IjI Si l -14.35 
AI-O(I)-Si 153.57 (2) 0 
Sodium CQQrdination: 
Na(l) - 0(1) 3 x 2.429 (6) A 
3 x 2.919 (3) A 
0(2) 3 x 2.259 (8) A 
3 x 2.998 (8) A 
0(3) 3 x 2.005 (7) A 
Na(1 )-Se 1 x 3.593 (1) A 
a(3) - 0(1) 3 x 2.465 (7) A 
3 x 3.047 (4) A 
0(2) 3x2.331(I)A 
3 x 2.867 (3) A 
0(3) 3 x 2.869 (3) A 
Na(3)-Se I x3.411 (8) A 
AI-O (2) 
o (2)-AI-0 (2) 
Si-O (2) 
o (2)-Si-0 (2) 
IjI Ah 
IjI Si2 
AI-0(2)-Si 
Na(2) - 0(1) 
0(2) 
0(3) 
Selenium 
gQQrdinatiQn ; 
Se-O(3) 
O(3)-Se-O(3) 
4 x 1.716 (8) A 
4 x 105.08 (4) 0 
2 x 118.65 (4) 0 
4 x 1.674 (9) A 
4 x 104.72 (9) 0 
2 x 119.44 (1) 0 
14.94 
15.26 
142.55 (5) 0 
3 x 2.728 (6) A 
3 x 2,632 (7) A 
3 x 2.960 (I) A 
3 x 2.604 (6) A 
4 x 1.587 (3) A 
109.47 (1) 0 
Bond valence calculations9 on the selenium site in both cases gave values of 6. I (2) and 
5.8(2), in good agreement with the theoretical value of6+ for SeOt. 
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Table 414: Comparison of bond distances and angles between nosean selenide [9.131 and 
nosean selenate fl6a-bl . 
Nosean Nosean Nosean selenide Nosean selenate 
selenide selenate [16a) 90 % H2/ 1 0 % H2S [I6b) 
H 2 [9) [13) 
AI-O (I) 1.758 (7) A 1.728 (5) A 1.736 (I) A 1.727 (6) A 
o (I}-Al- 0 (I) 107.42 (6) 0 105.69 (5) 0 106.46 (W 105.52 (2) 0 
110.50 (3) 0 117.32 (I) 0 115.67 (5) 0 111.48 (I) 0 
AI -O (2) 1.710(2) 1.75 I (8) A 1.731 (1) A 1.716 (8) A 
o (2)-Al-0(2) 106.55 (3) 0 107.40 (2) 0 104.69 (4) 0 105.08 (4) 0 
115.47 (9) 0 113.69 (4) 0 132.51 (8) 0 118.65 (4) 0 
Si-O(I) 1.540 (8) A 1.595 (5) A 1.580 (6) A 1.571 (8) A 
0(1) - Si- 0(1) 109.08 (2) 0 104.62 (5) 0 105.17(3) 0 107.24 (2) 0 
11 0.25 (3) 0 11 9.67(1) 0 118.45 (8) 0 110.59 (8) 0 
Si-O (2) 1.644 (9) A 1.635 (1) A 1.554 (4) A 1.674 (9) A 
0(2) -Si- 0 (2) 106.02 (I) 0 106.48 (7) 0 105.71 (9) 0 104.72 (9) 0 
116.62 (1) 0 115.62 (1) 0 134.11(9) 0 119.44 (1) 0 
AI-O(I)-Si 148.96 (8) 0 150.31 (8) 0 147.78 (W 153.57 (5) 0 
AI-0(2)-Si 142.77 (7) 0 143.13 (7) 0 144.23 (4) 0 142.55 (5) 0 
Na-O 2.513 (I) A 2.384 (7) A 2.486 (3) A 2.632 (7) A 
2.971 (7) A 2.969 (7) A 3.030 (4) A 2960(I)A 
Na-Se 2.7465 (I) A 3.045 (3) A 2.815 (I) A 3.593 (I) A 
Na-Se-Na 109.47 (I) 0 - 109.47 (I) 0 -
Se-O - 1.593 (9) A - 1.587 (3) A 
O-Se-O - 109.47 (1) 0 - 109.47 (I) 0 
Cell dimension 8.9935 (4) A 9.0886 (6) A 8.9289 (2) A 90855 (8) A 
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Table 4.14 compared the bond distances and bond angles obtained from the refinements 
ofnosean seJenjde [9,13] and nosean seJenate [16a-b]. Evidence ofan Olcidation reaction 
was seen by increase in ceU rumens.ion from'" 8.90 A for nosean selerude [9,13] to '" 9.08 
A for nosean selenate [16a-b]. A figure depicting the structure of the selenate nosean is 
shown in Figure 4.9. 
Figure 4.9: Relined Structure of SeJenate osean 
Selenjum atom (yellow sphere) tetahedrally coordinated to four oxygen 
atoms (Pink spheres). Orange spheres represent the occluded sodium 
cations. Blue lines represent a T -0-T link 
The bond distances around the central selenium atom in the nosean f3-cage Se-0(3) bond 
distance was derived as '" 1.59 A with a perfect tetrahedral bond angle of \ 09.47 (\) 0 . 
This Se-O bond rustance js slightly shorter than the Se-O bond Jength in SO(jjum seJenate 
at 1.654 (2) A.6 
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4.1.1.3 Discussion ofNosean Selenite lntercage reactions. 
Nosean selenite Na8[AlSiO.)6SeOl can be reduced in both bydrogen and hydrogen 
sulfide/hydrogen mixtures to produce Nas[AlSi0 4)6Se with ceU parameter 8.90A. Under 
a bydrogenJhydfQgen sulfide mixture the cell parameter is slightly smaller and this may 
indicate partial substitution of selenium by sulfur. Reaction under oxy'gen facilitates 
reoxidation of the selenium central atom, although the selenium is now fully oxidized and 
in the hexavalent state as the SeOl anion. No evidence to suggest partial oxidation to 
the tetravalent SeO? anion has been gained. The major evidence for this reaction is the 
observation of infra-red and Raman absorptions indicative of the SeOt (785 cm" ) and 
SeOl' (893 cm") groups. The colour of these samples is also a matter of discussion. 
The metal selenide should theoretically form a white solid but the produce appears grey. 
This may be due to bulk selenium on the sUlface of the particles. Such problems with 
bulk chalcogen contamination has previously been seen with zinc and cadmium 
beryUosilicates and can be improved by washing in bromine water.'o Similarly the pink 
colouration of the oxidized product may be due to a polyselenide formation in an 
analogous reaction to the formation of ultramarine blue, where Sel is a red 
chromophore. 
lnfIa-red spectroscopy and Raman have been successfully used to probe the framework 
structure of the nosean systems. A summary of the IR data is given in table 4. 15 and a 
comparison of the selenate and selenite spectra are given in Figure 4.10. In agreement 
with previous studies, the framework asymmetric absorption tends to lower frequency as 
the framework expands from Se2' to SeOl ' to seOl'. ill contrast the symmetric stretch 
in the'" 750 cm" region moves to higher frequency as the cage expands. Raman spectra 
support the JR findings and show the conversion of the pyramidal selenite anion (with Clv 
symmetry), with prominent Raman absorptions clear of the framework absorptions, at 
815 cm" (v ,) and at 790 cm" (V3), to the tetrahedral selenate anion (Td symmetry), with 
absorptions at 895 cm" (v,) and al845 cm" (V3). 
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Figure 4.10: Compa"ison of m spectra of selenite hauyne (black) with selenate 
bauyne (greenked) produced by oxidation of selenide nosean. 
Table 4.15: Comparison ofIR Data for the Selenium Containing Noseans. 
Nosean Nosean selenite Nosean Literature Observations 
selenide [1] selenate infra-red 
H2 [16a] values 
999 cm" 999 cm-' 1005 cm-' 995 cm-' Asymmetric (AI. Si-C) stretch 
893 cm-I 840 - 910cm - Selenate (SeOi'- ) an ion - -
-
814cm-' 
-
816cm-' Selenite (Se03 L- ) anion 
-
787cm-' 
-
787 cm-I Selenite (Se03'- ) anion 
726 cm-' 725 cm-' 721 cm-' 722 cm-' Symmetric (AI. Si-C) stretch 
703 cm - 702cm-' 697cm" 698cm-' Symmetric (Al. Si-C) stretch 
658 cm-' 659 cm-' 654 cm-' 656 cm-' Symmetric (Al. Si-C) stretch 
46 1 cm- 454 cm - 457 cm - 452 cm-' (Al. Si-C) bend 
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Rietveld refmement of powder X-ray diffraction data indicated a 0.2A contraction in the 
cell parameter as the selenite ion was reduced to selenide. On oxidation a O.3A expansion 
is evidenced by the lattice parameters indicating that the encapsulated ion is bigger than 
the original selenite and good support for the hypothesis that a selenate hauyne is 
produced. Bond distances around the selenium also provide support for the production of 
a more oxidized product as they shorten by 0.3A from 1.85A in the se1enite to 1.59A in 
the selenate. 
77Se MASNMR confirmed that selenide nosean oxidized to form nosean selenate. The 
chemical shift of the original occluded selenite anion referenced to dimethyl selenium 
was - 1058 ppm (Figure 4.11). On reoxidation of the selenide, a new resonance appeared 
- 1255 pp m, which is similar to literature value for potassium selenate at - 1273 ppm. 
1<00 1300 
i 
~ 
I 
1200 1100 1000 
Figure 4.11: "Se MASNMR of the Oxidised Product 
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Figur'c 4. 12: 77Se MASNMR of the Nas[A1SiO.16Se0 3 star ting ma ter'ial 
MASNMR highlights the change in the Sp3 hybridization of the framework tetrahedra as 
the units become more deshielded as the cage deforms to allow coordination of the 
framework oxygen atoms to the central anion when the anion is small and the tetrahedra 
are highly tilted from their normal planes. 
4 1 I 1.4 Conclusion 
Reduction of sodium selenite nosean in hydrogen mixtures at high temperature produces 
sodium selenide nosean. Reoxidation of the selenide hauyne with oxygen at elevated 
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tempemture does not regenernte the original material but produces a more oxidized 
product; selenate nosean. 
4.2.1.1 Annealing experiments involving sulohate nosean Na![A1Si04!6S04. 
4.2.1.1.1 Reduction reactions inyolying nosean sulphate Na![AISiO~§SQ.dm 
Nosean sulphate Nas[A1Si04]6S04 [3] was annealed under hydrogen (600 0 Cl 13 H) or 
under 10 % H2S1 90 % H2 (BOO 0 Cl 5 H) as described by Equation 4.5 and 4.6 to produce 
a grey solid. 
H /600·ClI3H 
2 
Nas[A1Si04]6S0. -----~) Nas[A1Si04]6S 
~ [1~ 
HSIH - soo·c- 'H 
2 2 
Nas[A1Si04]6S04 -----~) Nas[A1Si04]6S 
[3] 114] 
4.2.1.1.1 Identification of the Occluded Species and Model 
Equation 4.5 
Equation 4. 6 
Powder X-my diffraction data were collected on a Broker DB powder diffractometer 
opemting with CuKal radiation at 29BK The powder diffraction pattern indicated a 
primitive cubic unit cell, typical of an ordered sodalite framework c1)'stallizing in the 
space group P-43n, with cell parnmeter 9.04A. The sodalite reflections were fully 
indexed in the space group P-43n and no unindexed reflection remained in the pattern. . 
The loss of the sulfate anion was confmned by infra-red analysis by the disappearance of 
the sulfate absorption at 1105 cm·l . 
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The infra-red data for the nosean sulfate [3] and nosean sulphide [10,14] noseans are 
summarised in Table 4.16. In accordance with previous studies, the symmetric stretching 
frequency increases within the 730 - 650 cm-I region while there is a decrease in the 
value of the asymmetric absorption within the 900 -1000 cm-1data range. These infra-red 
changes have previously been shown to be indicative of a reduction in the unit cell 
dimension. This would be in agreement with the observed data as the larger sulfate anion 
is replaced by the smaller sulfide. 
" 
... 
Figure 4.13: m Data ofNosean Sulphate (bottom) compared with Nosean Sulfide 
prepared by hydrogen annealing (middle) and hydrogen sulfide 
annealing (top) 
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Table 4. 16' Infra-red Data Obtained from the Reduction of Nose an Sulfate (3). 
Nosean N osean sulfide Nosean sulfide Literature 
sulphate Nas[AlSi04]6S Nas[AlSiOd6S Infra-red Inference 
IRData H2 [10] IR Data 90%H2 Data 
[3] 10 % H2S [14] 
llOS cm" 
- -
llOS cm" . SOt-anion 
998 cm" 1000 cm" 993 cm" 995 cm" Asymmetric (AI, Si- 0) stretch 
696 cm" 699 cm" 702 cm" 698 cm" Symmetric (AI, Si- 0) stretch 
658 cm" 658 cm" 660 cm" 656 cm" Symmetric (AI, Si- 0) stretch 
455 cm" 453 cm" 458 cm" 458 cm" (AI, Si-a) bend. 
The Z7 AI MASNMR and 29Si MASNMR spectra of nosean sulfide [9,13] are shown in 
Figures 4.14 and 4,15. The Al3+ at 58.8 ppm is typical for tetrahedral framework 
aluminium. The Si4+ resonance at -87.7 ppm is typical for a Q4 Si(OAl)4 framework 
silicon as expected in this ordered sodalite framework.. 
58.77 
,_ .•• - I .. '~ .. I , I-i ~, ..;-,'~'--rl~' 
100 0 j -,100 
Figure 4.14: 17 AI NMR spectrum for Nosean Sulfide [10,14]. 
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Figure 4.15: 29 Si NMR spectrum for Nosean Sulfide [10,14]. 
In comparison to the sulfide, the sulfate spectra show a significant upfield shift for both 
aluminium and silicon resonances. Low shifts in framework systems are associated with 
disruption of the Sp3 hybridisation at the metal centre caused by deformation of the 
tetrahedra on tilting out of the normal plane i.e. as the central anion shrinks. 
4.2 1.1.2 Structure Refinement 
For structure refinement, powder X-ray diffiaction data were collected over the 29 range 
20-120° using a period of 16 h with a 0.l2 step. Rietveld refinement was carried out in 
the space group P-43n using a modified version of the model from Hassan and Grundy4 
for nosean sulfate using GSAS.' The AI and Si atoms were placed on the 6(c) and 6(d) 
sites while the framework oxygen atom was divided between two sets of 24(i) (XI, Y!' ZI) 
and (X2, Y2, Z2) sites with equal occupancies. The sodium cations were allocated three 8(e) 
(x, x, x) sites with various occupancies that can be added up to equal to one. Finally the 
sulfur atom was placed in the centre of the cage at the (0, 0, 0) site. Initial stages of the 
refinement included all the instrumental parameters (background, scale factor and peak 
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shape parameters). The atomic parameters of the framework (atomic positions and 
isotropic temperature metors) were then introduced, finally followed by the atomic 
parameters for the sulfide group. The refinement profile of sulfide nosean produced by 
hydrogen annealing is given in Figure 4.16. Final atomic parameters are summarized in 
Table 4.17 and derived bond lengths and angles are given in Table 4.18. Similar data for 
the selenide nosean produced by annealing in hydrogen/hydrogen sulfide are given in 
Tables 4.19 and 4.20. 
Table 4.17: Refined Atomic Parameters for nosean sulphide-H~ [10): e.s.d.'s are given in 
parentheses 
a= 9.0392 (4) A; S.G=P -4 3 n; Rwp = 0.0658; rp= 0.0513;rf2 = 0.0616; i = 6.316. 
Atom Wyckoff X Y Z Occupancy Bi80 
Symbol 
AI 6 Y< 0 ,.. 1 0.0221 (1) 
Si 6 7. " 0 1 0.0051 (6) 
0(1) 24 0.1328 (2) 0.1511 (1) 0.5436 (8) 0.5 0.0180 (2) 
0(2) 24 0.1526 (6) 0.1584 (4) 0.4590 (6) 0.5 0.0133 (1) 
Na(l) 8· 0.2474 (5) 0.2474 (5) 0.2474 (5) 0.21 0.0608 (1) 
Na(2) 8 0.6676 (4) 0.6676 (4) 0.6676 (4) 0.34 0.0211 (1) 
Na(3) 8 0.7ll7 (5) 0.7ll7 (5) 0.7ll7 (5) 0.46 0.0095 (7) 
S 2 0 0 0 0.5 0.0349 (3) 
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Table 4,18: Refined Atomic Parameters for nosean sulphide--90 % fu /10 % HZS [141HZ 
[10]: e,s,d.'s are given in parentheses 
a= 9,0311 (6) A; S,G=P -43 n; Rwp = 0,0963; Rp = 0,0694;Rr2 = 0.1363;1=7,261. 
Atom Wyckoff X Y Z Occupancy Bi80 
Symbol 
AI 6 Y< 0 " 1 . 0,0775 (3) 
Si 6 " " 0 1 0,0213 (2) 
0(1) 24 0.1351 (7) 0,1534 (7) 0,5478 (7) 0.5 0,0231 (7) 
0(2) 24 0.1442 (9) 0,1625 (3) 0,4577 (2) 0.5 0,0034 (1) 
.. 
. 
Na(l) 8 0,2517 (9) 0,2517 (9) 0,2517 (9) 0,21 0,0696 (8) . 
.. 
Na(2) 8 0,6706 (3) 0,6706 (3) 0,6706 (3) 0.34 0,0281 (2) 
Na(3) 8 0,7066 (4) 0,7066 (4) 0,7066 (4) 0.46 0,0892 (1) 
S 2 0 0 0 0,5 0,0475 (7) 
. 
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Figure 4.16: Rietveld Refinement Profile for Na8[AISi04)6S 
The upper crossed red line represents the experimental data and the upper 
green solid line the calculated pattern. The lower solid pink line represents 
the fit. 
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Table 4.19: Derived Bond Distances CA) and Angles (0) obtained from the refinement of 
Nosean Sulfide-H2 [10J. 
Cell dimension: 9.0392 (4) A 
AI-O (I) 4 x 1.773 (4) A AI-O (2) 4 x 1.720 (9) A 
o (1 )-A1-0 (1) 4 x 106.62 (8) ° o (2)-A1 -0 (2) 4 x 105 .15 (5) ° 
2x 110.91 (1) ° 2 xII 8.49 (8) ° 
Si-O (1) 4 x 1.548 (3) A Si-O (2) 4 x 1.651 (3) A 
0(1) -Si-O (I) 4 x 109.45 (5) 0 o (2)-Si-0 (2) 4 x 104.56 (1) 0 
2 x 109.47 (9) 0 2 x 119.81 (3) 0 
11' Al l -16.13 11' A12 14.51 
11' Si l -18.21 ~I Si2 15.03 
AI-O(I )-Si 148.36 (6) 0 A1-0(2)-Si 142.77 (8) 0 
Sodium coordination: 
Na(l) - 0(1) 3 x 2.324 (9) A Na(2) - 0(1) 3 x 2 .682 (1) A 
3 x 3.000 (3) A 
0(2) 3 x 2.245 (2) A 0(2) 3 x 2.639 (1) A 
3 x 2.887 (1) A 3 x 2.943 (8) A 
Na(2)-S 1 x 2.624 (6) A 
Na(2)-S-Na(2) 109.47(1) 0 
Na(3) - 0(1) 3 x 2.412 (3) A 
3x3.I32(4)A 
0(2) 3 x 2.348 (5) A 
3 x 2.845 (5) A 
Na(3)-S 1 x 3.315 (2) A 
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Table 4 20· Derived Bond Distances CA) and Angles CO) obtained from the refinement of 
Nosean Sulfide- 90 % H, / 10 % HzS [141. 
Cell dimension: 9.03 11 (6) A 
Al-O ( I ) 4 x 1.784 (2) A AI-O (2) 4 x 1.792 (1) A 
o (I )-AI-O (1) 4 x 108.92 (3) ° o (2)-AI-0 (2) 4 x 106.48 (4) ° 
2 x 109.74 (6) ° 2 x 1 15.62 (7) ° 
Si-O(I) 4 x 1.561 (I) A Si-O (2) 4 x 1.571 (3) A 
0(1) -Si-O (1) 4x 108.17(1) ° o (2)-Si-0 (2) 4 x 104.64 (6) ° 
2xI12.IO(4) 0 2x 119.62(4) ° 
~I All -17.33 IV Ah 14.59 
IV Si l -1 9.5 1 IV Si2 16.34 
AI-O(I)-Si 145.20 (4) ° Al-0(2)-Si 143.31 (8) ° 
SQgil!m QQQrginatiQn: 
Na(l) - 0(1) 3 x 2.272 (8) A Na(2) - 0(1) 3 x 2.613 (2) A 
3 x 3.007 (9) A 
0(2) 3 x 2.247 (4) A 0(2) 3 x 2.604 (6) A 
3 x 2.921 (1) 3 x 2.959 (9) A 
Na(2)-S I x 2.669 (1) A 
Na(2)-S-Na(2) 109.47(1) ° 
Na(3) - 0(1) 3 x 2.385 (9) A 
3 x 3.184 (9) A 
0(2) 3 x 2.370 (4) A 
3 x 2.874 (4) A 
Na 3 -S I x 3.232 5 A 
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Table 4.21: Comparison between Bond Distances and Angles obtained for Nosean 
Sulfate [31 and Nosean Sulfide [10 141. 
Nosean sulphate Nosean sulphide Nosean sulphide 
Nas(AlSi04MS04) Nas(AlSi04MS) Nas(AlSi04lG(S) 
[3] H2 [10] 90 % H210 % H2[14] 
AI-O (I) 1.721 (6) A 1.773 (4) A 1.784 (2) A 
o (I) - Al-O (I) 108.25 (3) 0 106.62 (8) 0 108.92 (3) 0 
112.39 (4) 0 110.91(1) 0 109.74 (6) 0 
AI-O (2) 1.773 (2) A 1.720 (9) A 1.792 (1) A 
o (2)-Al-O (2) 105.66 (7) 0 105.15 (5) 0 106.48 (4) 0 
117.35(4) 0 118.49 (8) 0 115.62 (7) 0 
Si-O (I) 1.560 (2) A 1.548 (3) A 1.561 (1) A 
o (I) - Si- 0 (1) 106.86 (9) 0 109.45 (5) 0 108.17 (1) 0 
114.66 (7) 0 109.47 (9) 0 112.10 (4) 0 
Si-O (2) 1.631 (2) A 1.651 (3) A 1.571 (3) A 
o (2)-Si-O (2) 104.47 (5) 0 104.56 (1) 0 104.64 (6) 0 
120.11 (1) 0 119.81 (3) 0 119.62 (4) 0 
AI -O(I )-Si 156.36 (4) 0 148.36 (6) 0 145.20 (4) 0 
AI-O(2)-Si 141.28 (3) 0 142.77 (8) 0 143.31 (3) 0 
Na-O 2.632 (8) A 2.324 (9) A 2.272 (8) A 
2.816 (9) A 3.000 (3) A 3.007 (9) A 
Na-S 3098 (8) A 2.624 (6) A 2.669 (I) A 
Na-S-Na - 109.47(1) 0 109.47 (1) 0 
S-O 1.462 (3) A - -
O-S-O 109.47 (I) 0 - -
Cell Dimension 9.0871 (5) A 9.0392 (4) A 9.03 11 (6) A 
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From Table 4.21 it is apparent a reduction reaction has occurred as the cell dimension 
was reduced from 9.09A to 9.03A, indicating that the central occluded species had 
become smaller. The final refined structure is represented in Figure 4.17. 
FigUl'e 4.17: Stmcture of Sulfide Nosean. 
Framework tetrahedral atoms (pink spheres) linked by T-O-T links (blue 
bonds). Central sulphide anion (pink sphere) tetrahedrally linked to four 
sodium cations (light blue spheres) 
The sodium cations are found within a tetrahedral arrangement around the central sulfur 
atom to form sodium sulfide tetrahedron (Na.,S). The Na-S bond distances from the 
central anion to the occluded cations was derived from the atomic parameters as 2.624 (6) 
A for nosean sulfide-H2 [10] or 2.669 (1) A for nosean sulfide- 90 % H2/ 1 0 % H2S [14] 
with the Na-S bond angles being 109.47 (1) o. These Na-S bond distances are s lightly 
shorter than the literature Na-S bond distance of2.826 A for sodium sulfide.? 
4.2.1.2. Oxidation reactions using nosean sulfide [Nas(A1SiO~MS)l [10.141. 
Grey nosean sulfide Nas(AlSiO.)6S [10,14] was then annealed under oxygen (600 ° C/ 8 
H) according to Equations 4.7 and 4.8 to afford a blue solid. 
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o I 6IJO ° Cl 8 1-1 
2 
Nas[A1Si04o]6S ------~) Nas[A1Si04]6S04 
[10] [17a] 
Nas[A1SiO.]6S ------.... ) Nas[A1Si04]6S04 
[14] [17b] 
4.2.1.2.1: Identification of the Occluded Species and Model 
Equation 4. 7 
Equation 4.8 
Infra-red analysis, see figure 4.18 and table 4.22, showed the presence of one non-
framework absorption at 1105 cm' l. The regeneration of the sulfate hauyne was 
confirmed, as thi s absorption was identical to the original starting material. 
~T 
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Figu.'e 4.18 : Infra-red values obtained for nosean sulfide [10-14J and nosean 
sulfate [17a-bl 
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Table 4.22: Comparison of infra-red values obtained from the Oxidation of Nosean 
Sulfide [I 0.141. 
Nosean Nosean Nosean Nosean Literature Observations 
Sulphide Sulphate Sulphide Sulphate infra-red 
H2 [10] Hdl7a] 90%H2 90%H2 values 
10 % H2S 10 %H2S 
[14] [17b] 
1142 cm - 1143 cm-' 1140 cm - Sulfate (SO/ -) anion - -
1106 cm - 1105cm-' 1105 cm - Sulfate (SO/-) anion - -
1000 cm - 1003 cm - 991 cm-' 1002 cm-' 995 cm-' Asymmetric (AI , Si-O) stretch 
699 cm-' 697 cm-' 702 cm-' 698 cm- 698 cm-' Symmetric (AI, Si-O) stretch 
658 cm - 656 cm - 660 cm - 657 cm - 656 cm-' Symmetric (AI, Si-O) stretch 
453 cm-' 454 cm - 459 cm - 457 cm - 452 cm-' (AI, Si-O) bend 
Solid state nuclear magnetic resonance on nosean sulfate [17a-b], see figures 4.19 and 
4.20 indicate the presence of tetrahedral Al3+ with a resonance at 59.4 ppm and Q4 
tetrahedral Si4+ with a resonance at - 91.2 ppm. 
"" 
...., • • -.-.-, ..-.-. 1 --' 
100 - 100 
Figure 4.19: 27 Al Specb'um for Nosean Sulfate [17a-bJ 
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Figure 4.20: 29Si NMR spectrum fOl' Nosean Sulfate 117a-bJ. 
4.2.1.2.2 Structure Refinement 
The original model for nosean sui fate was used for the refinement and the refinement 
procedure was identical to the parent compound refined in Chapter 3. The refinement 
profile is shown in Figure 4.21 . Refined atomic parameters are summarised in Table 4.22 
and derived interatomic distances in Table 4.23 . The results from annealing the reduced 
sulfide sample in hydrogen are almost identical but are included for clarity in Tables 4.24 
and 4.25. 
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Table 4.22: Refined Atomic Parameters for Nosean Sulfate' e.s.d.'s are given tn 
parentheses 
a = 9.0782 (8) A; S.G = P -4 3 n; Rwp = 0.1058; Rp = 0.0759;Rr2 = 0.0574; 1= 8.564. 
Atom Wyckoff X y Z Occupancy Biso 
Symbol 
A1 6 y, 0 " 1 0.0210 (9) 
Si 6 y, y, 0 1 0.0038 (8) 
0(1 ) 24 0.1365 (4) 0.1571 (1) 0.5292 (5) 0.5 0.0087 (3) 
0(2) 24 0.1521 (1) 0.1587 (8) 0.4560 (7) 0.5 0.0017 (1) 
Na (1) 8 0.2943 (7) 0.2943 (7) 0.2943 (7) 0.21 0.0085 (9) 
Na (2) 8 0.6974 (8) 0.6974 (8) 0.6974 (8) 0.34 0.0101 (5) 
Na (3) 8 0.7332 (2) 0.7332 (2) 0.7332 (2) 0.46 0.0177 (4) 
S 2 0 0 0 0.5 0.0853 (4) 
0(3) 8 0.4068 (9) 0.4068 (9) 0.4068 (9) 0.5 0.0377 (5) 
Table 4.24: Atomic positions obtained for nosean sulphate- 90 % H2 / 10 % H2S [17b] 
a = 9.0795 (2) A; S.G = P -4 3 n; Rwp = 0.0971 ; Rp = 0.0684;Rr2 = 0.0753 ; I = 7.161 . 
Atom Wyckoff X Y Z Occupancy B iso 
Symbol 
AI 6 y, 0 '" 1 0.0707 (3) 
Si 6 , .. 0 1 0.0380 (6) 
0(1) 24 0.1389 (9) 0.1465 (8) 0.5371 (8) 0.5 0.0182 (2) 
0(2) 24 0.1560 (7) 0.1586 (4) 0.4599 (4) 0.5 0.0174 (9) 
Na (1) 8 0.2961 (8) 0.2961 (8) 0.2961 (8) 0.21 0.0430 (4) 
Na (2) 8 0.6937 (6) 0.6937 (6) 0.6937 (6) 0.34 0.0564 (4) 
Na (3) 8 0.7351 (3) 0.7351 (3) 0.7351 (3) 0.46 0.0227 (4) 
S 2 0 0 0 0.5 0.046] (6) 
0(3) 8 0.4066 (I) 0.4066 (I) 0.4066 (I) 0.5 0.0558 (5) 
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Talll!: 4 23 ' BQ!lQ diSll\nt;;§ and angl!:!s Qlltain!:Q fiQm the refin!:!ment Qf nQsean syll2hal!:-
Hl (17a]. 
e!:ll di m!:nsiQn: 9.0782 (8) A 
AI-O (I ) 4 x 1 779 (3) A AI -O (2) 4 x 1 739 (7) A 
0(1 )-AI-O (I ) 4 x 109.58 (I) 0 o (2)-Al-0 (2) 4 x 105.12 (8) 0 
2 x 109.25 (2) 0 2 x I 18.55 (7) 0 
Si-O ( I) 4 x 1522 (5) A Si-O (2) 4 x 1658 (8) A 
0(1) -S i-O (I) 4 x 107.86 (4) 0 o (2)-Si-0 (2) 4 x 104.43 (3) 0 
2xI12.73(5) 0 2 x 120.09 (9) 0 
IV All -10.56 IV Ah 15.49 
IV Si l -12.11 ~I Si2 16.13 
AI-O(I )-Si 152.78(1) 0 AI-0(2)-Si 14160 (9) 0 
Sodium coordination: 
Na(I) - O(I) 3 x 2.525 (6) A Na(2) - 0(1) 3 x 2.519 (2) A 
3 x 2.855 (2) A 3 x 3.084 (2) A 
0(2) 3 x 2.310 (2) A 0 (2) 3 x 2.409 (2) A 
3 x3.137 (9) A 3 x 2.893 (2) A 
0(3) 3 x 1.770 (5) A 0 (3) 3 x 2.958 (9) A 
Na( 1 )-S 1 x 3.234 (4) A Na(2)-S 1 x 3.105 (2) A 
Na(3) - 0(1) 3x2.412(I)A Sl!ll2hur 
coordination: 
3 x 2.9 10 (4) A S-O(3) 4 x 1463 (9) A 
0(2) 3 x 2.256 (6) A O(3)-S-O(3) 109.47 (I) 0 
3 x 2.894 (I) A 
0(3) 3x2.731 3 A 
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Tabl!: 4,22: BQng gi~tan!;§ !!!!g !!!!gl!:~ Qb!llined frQm th!: refinement Qf nQS!:!!!! s!.!lJ;lhllt!:-
90 % H&/ IO % H~S [17b]. 
C!:II gim!:n~iQn ' 9.0795 (2) A 
AI-O (I) 4 x 1.703 (2) A AI-O (2) 4 x 1.713 (2) A 
0(1 )-AI-O ( I) 4 x 107.43 (5) 0 o (2)-AI-0 (2) 4 x 104.35 (I) 0 
2 x 11 0.49 (9) 0 2 x 120.28 (4) 0 
Si-O (I) 4 x 1.608 (8) A Si-O (2) 4 x 1.681 (8) A 
0(1) -Si-O (l) 4 x 108.58 (2) 0 o (2)-Si-0 (2) 4 x 104.07 (9) 0 
2 x 109.91 (8) 0 2 x 120.89 (3) 0 
~I AI, -14.24 IV Al2 14.19 
IjI Si, -14.99 IV Si2 14.41 
AI-O(I)-Si 151.48 (3) 0 AI-O(2)-Si 142.02 (5) 0 
Sodium coordination: 
Na(l) - 0(1) 3 x 2.479 (3) A Na(2) - 0(1) 3 x 2.535 (5) A 
3 x 2.944 (5) A 3 x 3.186 (4) A 
0(2) 3 x 2.321 (3) A 0(2) 3 x 2.461 (6) A 
3 x 3.11 0 (7) A 3 x 2.856 (9) A 
0(3) 3 x 1.736 (7) A 0(3) 3 x 2.908 (3) A 
Na(I)-S I x 3.205 (3) A Na(2)-S I x 3.047 (I) A 
a(3) - 0(1) 3 x 2385 (4) A Sulphur 
QQQrdination : 
3 x 2.988 (2) A S-O(3) 4 x 1.468 (6) A 
0(2) 3 x 2.272 (4) A 0(3)-S-0(3) 109.47 (I) 0 
3 x 2.854 (6) A 
0(3) 3 x 2.696 (8) A 
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Figure 4.21: Rietveld Refinement P ,'ofile fo,' Nas[AISiO.)6S0. 
The upper crossed red line represents the experimental data and the upper 
green solid line the calculated pattern. The lower solid pink line represents 
the fit. 
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Table 4.26: Comparison of bond distances and angles between nosean sulphide [10.14] 
and nosean sulphate [17a-bl. 
Nosean Oxidized Nosean sulphide Oxidized 
sulphide H2 Nosean 90%H2 Nosean sulphate 
[10] sulphate H2 10%H2S [14] 90%H2 
[17a] 10 % H2S [17b] 
AI-O (I ) 1.773 (4) A 1.779 (3) A 1.784 (2) A 1.703 (2) A 
0(1 )-Al-O (I ) 106.62 (8) 0 109.58 (I) 0 108.92 (3) 0 107.43 (5) 0 
11 0.91 (1) 0 109.25 (2) 0 109.74 (6) 0 11 0.49 (9) 0 
Al-O (2) 1.720 (9) A 1.739 (7) A 1.792 (1) A 1.713 (2) A 
o (2)-Al-0(2) 105.15 (5) 0 105.12 (8) 0 106.48 (4) 0 104.35(1) 0 
11 8.49 (8) 0 11 8.55 (7) 0 115.62 (7) 0 120.28 (4) 0 
Si-O (1) 1.548 (3) A 1.522 (5) A 1.561 (I) A 1.608 (8) A 
0(1 )-Si- 0(1) 109.45 (5) 0 107.86 (4) 0 108.17 (I) 0 108.58 (2) 0 
109.47 (9) 0 112.73 (5) 0 112.10(4) 0 109.91 (8) 0 
Si-O (2) 1.651 (3) A 1.658 (8) A 1.571 (3) A 1.681 (8) A 
0(2)-Si- 0 (2) 104.56 (W 104.43 (3) 0 104.64 (6) 0 104.07 (9) 0 
11 9.8 1 (3) 0 120.09 (9) 0 119.62(4) 0 120.89 (7) 0 
Al -O(I)-Si 148.36 (6) 0 152.78 (1) 0 145.20 (4) 0 151.48(3) 0 
Al-0(2)-Si 142.77 (8) 0 141.60(9) 0 143.3 1 (3) 0 142.02 (5) 0 
Na-O 2.324 (9) A 2.525 (6) A 2.272 (8) A 2.479 (3) A 
3.000 (3) A 2.855 (2) A 3.007 (9) A 2.944 (5) A 
Na-S 2.624 (6) A 2.958 (9) A 2.669 (I) A 2.908 (3) A 
Na-S-Na 109.47 (I) 0 - 109.47 (I) 0 -
S-O - 1.463 (9) A - 1.468 (6) A 
O-S-O - 109.47 (I) 0 - 109.47 (I) 0 
Cell 9.0392 (4) A 9.0782 (8) A 9.0311 (6) A 9.0795 (2) A 
dimension 
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Table 4 .26 compared the bond distances and bond angles obtained for nosean sulfide 
[10,14) and nosean sulfate [17a-b). Evidence of an oxidation reaction was seen by 
increase in cell dimension from '" 9.03 A for nosean sulfide [10,14) to '" 9.08 A for 
nosean sulfate [17a-b). Bond valence calculations give good agreement with the 
formation of the sulfate species with predicted valence of 6.4(2) and 6.1 (2) respectively 
for the two routes. A schematic diagram of the refined structure is given in Figure 4.22, 
FigUl'e 4.22: Occlusion of Tetrahedral Anion within the Sodalite Cage 
Framework (blue lines) containing a tetrahedral X species (yellow sphere) 
surrounded by four oxygen atoms (pink spheres) and four cations (orange 
spheres) 
The bond distance S-O around the tetrahedral sulfate molecule was determined to be e '" 
1.46 A which is slightly shorter than the original sulfate material and may suggest 
incomplete oxidation of the product. 
4.2.1.3. Discussion of Nosean Sulfate Intercage Reactions 
Nosean suifate N3l![AlSi04)6S0, can be reduced ID both hydrogen and 
bydrogen/hydrogen sulfide mixtures to produce Nas[AISi04)6S with cell parameter 
163 
9.04A. This compound has a significantly larger cell parameter than Nas[A1Si04]6Se 
with cell parameter 8.9A and this may suggest that either the sulfate may not be totally 
reduced or that the selenide anion site is not fully occupied with selenium and there is 
possibly some substitution of another smaller anion e.g. oxide. The disappearance of the 
sulfate absorptions in the infra-red spectrum, suggests that the latter option is more likely. 
The colour of the samples is a matter of disCussion; in a similar way to the 
selenide/selenate materials these products are coloured although they should be 
colourless. This may be due to bulk sulfide on the surface of the material which could be 
improved by washing with bromine water. lo The blue colour of the oxidised products 
may be indicative of some polysulfide fonnation (S3' is the blue chromophore observed 
in ultramarine). 
In agreement with previous studies, m data can be used to delineate changes in the 
structure as the cage expands and contracts on oxidation/reduction of the central anion. 
The asymmetric band shifts to lower frequency as the cage contracts whilst the 
symmetric band shifts to higher frequency. Rietveld refinement of powder X-ray 
diffraction data indicated a 0.1 A contraction in the cell parameter as the sulfate anion was 
reduced to sulfide and a similar expansion when the sulfide was reoxidised, suggesting 
the oxidation/reduction reaction is reversible. 
MASNMR highlights the change in the Sp3 hybridization of the framework tetrahedral as 
the units become more deshielded as the cage defonns to allow coordination of the 
framework oxygen atoms to the central cations when the occluded cation is small by 
tilting the tetrahedral 0llt of their nonnal planes. 
42 1 4 Conclusion 
Reduction of sodium sulfate hauyne in hydrogen mixtures at high temperatures produces 
sodium sulfide nosean. Reoxidation of the sulfide nosean at elevated temperature 
regenerates the starting material. 
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CHAPTER 5 
5.1 Hauyne annealing e?\Periments. 
A variety ofhauyne based structures [MlNII6(A1SiO.MX)2], where M = Ca2+ or Mg2+ and 
X = Te032, or MoO/' or even sol', were prepared. Once fully characterized by X-ray 
diffiaction and infra-red analysis these structures can then undergone a series of annealing 
experiments as seen by table 5.1. However intercage reactions were only successfully 
performed for calcium tellurite hauyne and magnesium sulfute hauyne, Calcium sulfute 
hauyne Jailed as it yielded nepheline at the temperatures needed for reduction. The, 
molybdate basedhauynes Jailed to be reduced due to' the stability of the encapsulated 
molybdate anion. 
Table 5.1: Results obtained from the Hauvne Annealing Experiments. 
Hauyne H2 annealing H2S / H2 annealing O2 annealing 
, 
Ca:zNII6[A1SiO.]6 X2 
, 
X= 
TeOl' [4] Te [11] Te [15] Failed 
Mool'[S] 
- - -
sol' [6] - - -
Ms2NII6[ AlSiO.]6X2 
X= 
sol' [7] s [12] - SO. [18] 
MoO/' [8] - - - " 
166 
5.1.1 Annealing Experiments on Ca2N!I!i[A1SiM(TeOll2 
5 1.1.1 Reduction reactions involving calcium te!lurite hayyne ~N!I!i[A1SiO.MTeO.ili 
Calcium tellurite hauyne [Ca2NlI6[A1Si04MTe03h] [4], was annealed under hydrogen 
(800 0 C/ 5 H) to a dark green solid as described by Equation 5.1. 
Ca2Na.(A1SiO.MTe03)2 ------+l Ca2NlI6(A1SiO.MTeh 
White Green 
. Equation 5.1 
5.1.1 1.1 Identification of Occluded Anion and Model 
Powder X-ray diffraction data were collected on a Bruker D8 powder diffractometer 
operating with CuKa, radiation at 298 K The powder diffraction pattern indicated a 
primitive cubic unit cell, typical of an ordered sodaJite framework crystallizing in the space 
group P-43n, with cell parameter 9.08 A. The sodaIite reflections were fully indexed in the 
space group P-43n and no unindexed reflection remained in the pattern. The loss of the 
tellurite anion was confirmed by infra-red analysis as the tellurite absorption band at 773 
cm" (vI/a,) disappeared from the IR spectrum (Figure 5.1) and Table 5.2. 
Comparison of the infra-red absorptions from the calcium tellurite and telluride hauyne 
samples, show a decrease in the frequency of the asynunetric stretch (1000 cm"') and an 
increase in the frequency of the synunetric stretch (730 cm"'). These changes are 
indicative of a decrease in the unit cell dimension as the larger tellurite is reduced and 
. replaced by the smaller telluride. ',2 
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Figure 5.1: Infra-red spectra showing the reduction of calcium teUurite hauyue 
[15]. 
Table 5.2: Infra-red results obtained for Calcium TeUuride Hauyne [15]. 
IR values obtained for IR values obtained for Literature Observations 
calcium tellurite calcium telluride infra-red 
hauyne [4]. hauyne [15]. values. 
1013 cm" 1000 cm" 1000 cm" Asymmetric (AI, Si-O) stretch 
773 cnil 775 cm" TeUurite anion (Te03) " 
726 cm" 722 cm" 727 cm" Symmetric (AI, Si-O) stretch 
697 cm"1 696 cm" 695 cm" Symmetric (AI, Si-O) stretch 
645 cnil 654 cm"1 646 cm"1 Symmetric (AI, Si-O) stretch 
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. 
5,1 1.1.2 Structure Refmement 
For structure refinement, powder X-ray diffraction data were collected over the 29 range 
20-120 0 using a period of 16 h with a 0, 12 step, Rietveld refinement was carried out in 
the space group P-43n using a modified version of the model from Hassan and GrundY for 
hauyne sulfate using GSAS4, The only modification to the model was that the oxygen· 
atoms from the sulfate group were omitted, The atomic parameters of the framework 
(atomic positions and isotropic temperature mctors) were then introduced, finally followed 
by the atomic parameters for the telluride group, The refinement profile of calcium 
. telluride hauyne produced by hydrogen annealing is given in Figure 5,2, Final atomic 
parameters are summarized in Table 5,3 and derived bond lengths and angles are given in 
Table 5.4, 
Table 5,3: Refined Atomic Parameters for Calcium Telluride Hauyne [} 1J:e,s,d's are given 
in parentheses 
a = 9,0825 (8) A:, S,G=P -4 3 n; Rwp = 0,1235 Rp = O,0911;Rr= 0,2875; i =7,511. 
Atom Wyckoff X Y Z Occupancy 13;80 
Symbol 
Na(l) 8 0,2074 (5) 0,2074 (5) 0,2074 (5) 0,75 0,0411 (3) 
Ca (1) 8 0,2074 (5) 0,2074 (5) 0,2074 (5) 0,25 0,0411 (3) 
AI 6 Y. 0 Yz 1 0,0153 (3) 
I 
Si 6 Y. Yz 0 1 0,0082 (9) 
0(1) 24 0.1553 (5) 0,1496 (2) 0.4432 (9) 1 0,0253 (2) 
Te 2 0 0 0 1 0,0130 (5) 
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Figure 5.2: Rietveld Refinement ProfIle for Na,;Ca2 [AISiO.)6Te 
The upper crossed red line represents the experimental data and the upper 
green solid line the calculated pattern. The lower solid pink line represents 
the fit. 
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Table 5 4: Derived Bond Distances lA) and Angles 1°) obtained for Calcium Telluride 
Hauyne f1 I). 
Cell dimension 9.0826 (2) A 
Si-O 4 x 1.688 (4) A 
O-Si-O 4 x 105 ° 
2xI18.8 ° 
AI-O-Si 137.5 ° 
<ps; 20.1 ° 
<pAl 20.8 ° 
AJ-O 
O-AI-O 
Sodium coordination 
Na-O 2.256 (7) A x 3 
Na-O 2.999 (2) A x 3 
4 x 1.757 (2) A 
4xI05.6 ° 
2xI 17.5 ° 
a-Te3.263 (5) A a-Te - Na 109(5) ° 
Calcium coordination 
Ca-o 2.256 (7) A x 3 
Ca-o 2.999 (2) A x 3 
Ca-Te3.263 (5) A Ca - Te - Ca 109(5) ° 
Figu"e 5.3: Stnrcture ofTelludde Hauyne 
Framework tetrahedral atoms (Pink spheres) linked by T-O-T links (blue 
bonds). Central telluride anion (pink sphere) is tetrahedrally linked to four 
sodium cations (light blue spheres) 
171 
The sodium cations are located around the teUuride anion in a tetrahedral arrangement 
where the Na (I)-Te bond distance was calculated to be 3.263 (5) A with its bond angle 
being 109.47 (I) o. This bond distance is slightly longer then the literature Na-Te distance 
of 3. 167 A, which was has been calculated from the single crystal determination of sodium 
teUuride (Na2Te) .' AJ-O and Si-O framework bond lengths are typical for aluminosilicate 
framework systems. The refined structure is depicted in Figure 5.3. 
Table 5.5: Comparison of Bond DistancesCA) and AnglesCO) obtained for Calcium 
TeUurite Hauyne and Calcium TeUuride Hauyne. 
Calcium tellurite hauyne (4) Calcium telluride hauyne (11) 
Ca2NlI6[ AJSiO.MTeO)h Ca~lI6[AISiO') 6 Te2 
AI-O 1.758 (9) A 1.757 (2) A 
O-AI-O 108.46 (I) ° + 111.51 ( I) ° 105 (6) ° + 117 (5) ° 
Si-O 1.590 (5) A 1.688 (4) A 
O-Si-O 107.23 (3) ° + 114.04 (6) ° 105 ° + I 18 (8) ° 
AI-O-Si 147.37 137 (5) ° 
Na-O(I) 2.413 (9) A + 2.919 (I) A 2.256 (7) A + 2.999 (2) A 
Na-Te 3.747 (2) A 3.263 (5) A 
Na-Te-Na - 109 (5) ° 
Te-O 1702 (8) A -
O-Te-O 98.43 (7) ° -
Cell dimension 9.0933 (9) A 9.0826 (2) A 
From table 5.5 it is apparent that a reduction reaction has occurred as the cell dimension 
was reduced by o. I A indicating that the occluded anion had become smaller after 
hydrogen annealing. 
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Reduction of calcium tellurite hauyne, Ca2Nao[AlSiO.]6(Te03)2, [4] under 90 % H:J 10% 
H2S (600 0 C / 8 H), also produced a dark green solid. Rietveld refmement was carried out 
in the same manner and the results are summarized in Tables 5.6 and 5.7 and the profile is 
given in Figure 5. 4 . 
Table 5.6: Refined Atomic Parameters obtained for Calcium Telluride Hauyne [15]: e.s.d's 
are given in parentheses 
a = 9.0654 (3) A; S.G = P -4 3 n; R.~ = 0.1418; '" = 0.0994;rf2 = 0.3522; i = 9.724. 
Atom Wyckoff X Y Z Occupancy Biso 
Symbol 
Na (1) 8 0.2064 (1) 0.2064 (1) 0.2064 (I) 0.75 0.0549 (5) 
Ca (1) 8 0.2064 (1) 0.2064 (1) 0.2064 (1) 0.25 0.0549 (5) 
AI 6 Y. 0 Y, 1 0.0055 (7) 
Si 6 Y. \I, 0 I 0.0857(1) 
0(1) 24 0.1502 (6) 0. 1427( J) 0.4579 (5) 1 0.0866(1) 
Te 2 0 0 0 1 0.0316 (4) 
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Figure 5.4: Rietveld Refinement Profile fOl' Ca1Na.[AISiO.). Te 
The upper crossed red line represents the experimental data and the upper 
green solid line the calculated pattern. The lower solid pink line represents 
the fit. 
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Table 5 7· Derived Atomic Distances (A) and Angles (0) for Calcium Telluride Hauyne 
Cell dimension 9.0654 (3) A 
Si-O 
O-Si-O 
AJ-O-Si 
4 x 1.624 (9) A 
4 x 108.1 0 
2xI12.3 ° 
147.3 0 
15.6 0 
16.4 0 
AJ-O 4 x 1.716 (6) A 
O-AI-O 4 x 108.7 0 
2xlll o 
Sodium coordination 
Na-O 2.406 (7) A x 3 
Na-O 2.938 (I) A x 3 
Na-Te3.241 (2) A Na - Te - Na 109(5) 0 
Calcium coordination 
Ca-o 2.406 (7) A x 3 
Ca-o 2.938 (I) A x 3 
Ca-Te 3.241 A Ca - Te - Ca 109 (5) 0 
5 ) I 1.3 Discussion of Calcium Tellurite Hauyne intercage Reactions 
Calcium tellurite hauyne Ca2Na.s[AJSiO. ]6(TeO))z can be reduced in both hydrogen and 
hydrogen sulfide/hydrogen mixtures to produce Ca2Na.s[AlSiO.]6Te, with cell parameter 
9.07A. Under a hydrogen/hydrogen sulfide annealing mixture, the cell parameter of the 
product is slightly smaller than that produced from a hydrogen annealing stream. This 
may be due to partial substitution of tellurium by sulfur. The dark green colour of the 
product may be indicative 0 the formation of polytelluride species in accordance with 
previous results observed for nosean selenide and nosean sulfide. 
IR spectroscopy can be used to investigate the changes in the occluded species with 
annealing gas as the loss of the tellurite group is evidenced by disappearance of the 
tellurite stretch at 775 cm-' . Rietveld refinement of powder X-ray diffraction data 
indicated a contraction 0 the unit cell parameter on reduction of the tellurite anion. 
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S. l.1 1 4 Conclusion 
Reduction of calcium tellurite hauyne in hydrogen mixtures at high temperature produces 
calcium telluride hauyne. 
S. l.2 Annealing Experiments on Mg2Na6[AISiO.h(SO.h. 
5.1.2. I Reduction reactions involving magnesium sulfate hauyne M&:1N~[AISiO.MS04h. 
Magnesium sulfute hauyne, Mg2Na6(A1Si04)6(S04)2, (8) was annealed under hydrogen 
(600 0 Cl 12 H), in accordance with Equation 5.2, to yield a blue-green solid. 
Mg2Na.(AISi04).(S04h -----~) Mg2Na6(A1SiO.)6(Sh 
Blue green-blue 
Equation 5.2 
5.1.2.1.1 Identification of the Occluded Anion and Model 
Powder X-ray diffraction data were collected on a Bruker D8 powder diffractometer 
operating with CuKa., radiation at 298K. The powder diffraction pattern indicated a 
primitive cubic unit cell, typical of an ordered soda lite framework crystallizing in the space 
group P-43n, with cell parameter 9.1 0A. The sodalite reflections were fully indexed in the 
space group P-43n and no unindexed reflection remained in the pattern. The loss of the 
sulfate anion was confirmed by infra-red analysis as the characteristic sulfate absorption at 
1105 cm-' disappeared from the IR spectrum. 
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5 1.2.1.2 Structure Refmement 
For structure refinement, powder X-ray diffraction data were collected over the 2e range 
20-120° using a period of 16 h with a 0.12 step. Rietveld refinement was carried out in 
the space group P-43n using a modified version of the model from Hassan and Grundy' for 
hauyne sulfate using GSAS 4 The only modification to the model was that the oxygen 
atoms from the sulfate group were omitted. The atomic parameters of the framework 
(atomic positions and isotropic temperature factors) were then introduced, fmally followed 
by the atomic parameters for the sulfide group. The refmement profile of sulfide hauyne 
produced by hydrogen annealing is given in Figure 5.6. Final atomic parameters are 
summarized in Table 5.8 and derived bond lengths and angles are given in Table 5.9. 
Table 5.8: Refined Atomic Parameters obtained for Magnesium Sulfide Hauyne [12l. 
a = 9.1093 (5) A; S.G = P -4 3 n; R~~ = 0.0982; Rp = 0.0733; Rr2 = 0.2699;.:i = 6.170. 
Atom Wyckoff X Y Z Occupancy Biso 
Symbol 
Na (I) 8 0.2146 (6) 0.2146 (6) 0.2146 (6) 0.75 0.0246(1) 
Mg (I) 8 0.2146 (6) 0.2146 (6) 0.2146 (6) 0.25 0.0246 (I) 
AI 6 y.. 0 y, 1 0.0017 (5) 
Si 6 y.. Y, 0 I 0.0092 (5) 
0(1) 24 0.1362 (2) 0.1510(2) 0.4565 (3) 1 0.0146 (3) 
S 2 0 0 0 1 0.0678 (3) 
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Table 5.9: Dervied Bond distances CA) and Angles (0) obtained for Magnesium Sulfide 
Hs!l!Y!!~ [12]. 
Cell dimension: 
AI-O (1) 
0(2)- AI-0(2) 
AI-O(l)-Si 
<ps; 
(PAl 
Sodium coordination: 
Na(l )-0(1) 
Na-S 
S-Na-S 
9.1093 (5) A 
4 x 1.767 (3) A 
4 x 108.19 (3) ° 
2 x 110.11 (4) ° 
147.81 (7) ° 
16.07 
17.71 
2.387 (6) A x 3 
2.978 (4) A x 3 
3.386 (7) A 
109.43 (1) ° 
Si-O (1) 
O(l)-Si-O(l) 
Magnesium 
coordination: 
Mg(I)-O(l) 
Mg-S 
4 x 1.584 (1) A 
4xI08.90(1) 0 
2 x 110.61 (9) ° 
2.387 (6) A x 3 
2.978 (4) A x 3 
3.386 (7) A 
The magnesium sulfide hauyne structure is essentially the same (Figure 5.3) as that for the 
calcium teUurite hauyne except the central telluride is replaced by sulfide and the occluded 
cation site is shared by magnesium and sodium rather than calcium and sodium. 
5.1.2.2 Oxidation reactions involving magnesil!m sulfate hauy!!e Mgl~[AISiO.16~ 
The reduced magnesium sulphide hauyne [12] was then annealed under oxygen (600 ° Cl 
8 H), see Equation 5.3 in an attempt to oxidize the encapsulated sulfide anion. 
Mg:zNa.[AlSiO. ]6S2 -----~) Mg2Na.[AlSiO.]6(SO.)2 
Grey Blue 
Equation 5.3 
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5.1.2 1 1 Identification of the Occluded Anion and Model 
Powder X-ray diffraction data were collected on a Bruker D8 powder diffractometer 
operating with CuKa, radiation at 298K. The powder diffraction pattern indicated a 
primitive cubic unit cell, typical of an ordered sodalite framework crystallizing in the space 
group P-43n, with cell parameter 9.11 A The sodalite reflections were fully indexed in the 
space group P-43n and no unindexed reflection remained in the pattern. The successful 
regeneration of the sulfate anion was confirmed by IR analysis as the characteristic sulfate 
absorption at 1105 cm-' reappeared in the IR spectrum. 
5.1 22.2 Structure Refmement 
For structure reftnement, powder X-ray diffraction data were collected over the 2e range 
20-120° using a period of 16 h with a 0.12 step. Rietveld reftnement was carried out in 
the space group P-43n using a modified version of the model from Hassan and Grund/ for 
hauyne sulfate using GSAS.' The only modification to the model was that the oxygen 
atoms from the sulfate group were omitted. The atomic parameters of the framework 
(atomic positions and isotropic temperature factors) were then introduced, fmally followed 
by the atomic parameters for the sulfide group. The refmement profile of sulfate hauyne 
produced by oxygen armealing is given in Figure 5.7. Final atomic parameters are 
summarized in Table 5.10 and derived bond lengths and angles are given in Table 5.11. 
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Table 5. 10' Refined Atomic Parameters obtained for Magnesium Sulfute Hauyne [18] . 
a = 9. 11 00 (4) A; S.G = P -4 3 n; R,,,,, = O. 1131 Rp = 0.0800;Rr2 = 0.2868; i = 8.402. 
Atom Wyckoff X Y Z Occupancy Bi50 
Fraction 
Na (I) 8 0.2200 (2) 0.2200 (2) 0.2200 (2) 0.75 0.0109 (7) 
Mg (I) 8 0.2200 (2) 0.2200 (2) 0.2200 (2) 0.25 0.0109 (7) 
AI 6 V- 0 It, 1 0.0134 (2) 
Si 6 V- It, 0 1 0.0329 (2) 
0 (1) 24 0.1371 (4) 0.1511 (4) 0.4575 (9) I 0.0059 (7) 
S 2 0 0 0 I 0.0206 (2) 
O( 2) 8 0.9049 (3) 0.9049 (3) 0.9049 (3) I 0.0362 (9) 
Table 5.11 : Derived Bond distances lA) and angles 1°) obtained for Magnesium Sulfate 
hauyne [18] . 
Cell dimension: 
AI-O (I) 
0(2)- AI-0(2) 
AI-O( I)-Si 
!ps; 
!PAl 
Sodium !<QQrdinatiQn: 
Na(I)-O(J ) 
Na - 0(2) 
Na-S 
Sulfur coordination: 
S-O (2) 
0 (2)-S-0(2) 
9.1100 (4) A 
4 x 1.761 (3) A 
4 x 108.56 (9) ° 
2 x 109.92 (4) ° 
148.14 (1) ° 
15.89 
17.41 
2.376 (6) A x 3 
2.964 (2) A x 3 
2.917 (7) A x 3 
3.471 (7) A 
1.500 (I) A x 4 
109.47 (3) ° 
Si-O (I ) 
0(1 )-Si-O(I ) 
Magnesium 
coordination: 
Mg(I)-O(I) 
Mg - 0 (2) 
Mg-S 
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4 x 1.587 (8) A 
4 x 108.76 (6) ° 
2 x I 10.89 (I) ° 
2.376 (6) A x 3 
2.964 (2) A x 3 
2.917 (7) A x 3 
3.47 1 (7) A 
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The upper crossed red line represents the experimental data and the upper 
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the fit 
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5 1.1.23 Discussion of Magnesium Sulfate Hauyne Intercage Reactions 
Magnesium sulfate hauyne M/l2Nll6[A1Si04]6(S04)z upon annealing under hydrogen and 
under oxygen showed very little difference in the cell parameters implying that little 
change has occurred in the framework. Since the Mgz+ cation is very small in comparison 
to the Na + cation with which its shares a site, the cage may be unable to contract any 
further. The IR spectroscopic analysis provides evidence that the reduction has occurred 
even though there is little difference in the framework itseI£ A comparison of the 
distances and angles of the different materials are given in Table 5.13. 
Table 5.13: Comparison of Bond Distances(A) and AnglesCO) obtained for Magnesium 
Sulfate Hauyne [12] and Magnesium Sulfide Hauyne [18]. 
Magnesium sulphide hauyne [12] Magnesium sulphate hauyne [18] 
MgzNll6(A1Si04).(S)z MgzNll6(A1Si04).(S04)z 
A1-0 1.767 (3) A 1.761 (4) A 
0-A1-0 108.19 (3) 0 + 110.11 (4) 0 108.56 (9) 0 + 109.92 (4) 0 
Si-O 1.584 (1) A 1.587 (8) A 
O-Si-O 108.90 (1) 0 + 110.61 (9) 0 108.76 (6) 0 + 110.89 (1) 0 
A1-0-Si 147.81 (7) 0 148.14 (I) 0 
Na-O 2.387 (6) A + 2.978 (4) A 2.376 (6) A + 2.964 (2) A 
Na-S 3.386 (7) A 3.471 (6) A 
Na-S-Na 109.43 (1) 0 
-
s-o - -
o-s-o - -
. 
Cell dimension 9.1091 (1) A 9.1100 (4) A 
183 
5.1.1.24 Conclusion 
The hauyne structure can also provide a host for intercage reactions. Calcium tellurite 
hauyne can be reduced to calcium telluride hauyne using both hydrogen and hydrogen 
sulfide/hydrogen The magnesium sulfute hauyne, which contains magnesium and sodium 
on the same site, is also reduced· to the sulfide using the same conditions, but the 
framework shows little change. Since calcium and sodium are similar in size, the cage will 
be more affected by the removal of oxygens from the central species whereas the 
magnesium and sodium are less affected due to their size mismatch and therefore local 
disorder. 
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6.1 Nosean- based Annealing Experiments. 
Nosean frameworks Nas(AlSi04)6X where X = SeOl- [I] and sol [3] were prepared by 
hydrothermal or high temperature methods. These materials were then ful1y characterized 
by powder X-ray diffraction and IR spectroscopy to ensure sample puritY and identify the 
enclatherated species, before structure refinement using Rietveld analysis .. The most 
appropriate model for refinement of the pyramidal group, SeOl-, was chosen on the basis 
of the best fit after refinement using the three previously proposed models.!-3 The 
tetrahedral sulfate group was refined using the nosean model ofHassan and Grundy from 
the literature.4 
The parent nosean structures were then heated under H2 or under 90 % H2/1 0 % H2S 
in an attempt to reduce the encapsulated anion to either selenide or sulfide. X-ray 
diffraction was used to ascertain sample purity and the loss of the anion was confirmed 
by IR spectroscopy. The reduced materials were then structurally characterized by the 
Rietveld refinement of powder X-ray diffraction data and changes in the sp3 
hybridisation of the tetrahedral framework species was examined using so lid state nuclear 
magnetic resonance. 
Finally, oxidation of the reduced materials was facilitated by annealing in oxygen. IR 
spectroscopy and powder X-ray diffraction were used to confirm reoxidation had taken 
place. Although the sulfate was regenerated in the case of the sulfur-based material, in 
the selenium-based material the selenium was oxidized to the +6 oxidation state to form 
the SeOl- anion rather than the original tetravalent SeOl- anion. These changes were . 
confirmed by IR· and Raman spectroscopy and the structures were refined using the 
Rietveld method. 
6.1 1. Salient Data Confirming Reduction/Oxidation Reactions 
On hydrogen annealing the cel1 dimension for nosean [I] selenite was reduced from .. 
9.01 A to .. 8.99 A for nosean selenide [9-13]. Infra-red analysis showed the loss of the 
SeOt anion by the disappearance of the selenite bands at 787 cm-! and at 816 cm-!.' 
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Solid-state nuclear magnetic resonance showed that the 27 AI and 29Si NMR resonances 
had shifted upfield from 59.4 ppm and -88.0 pprit for nosean [1] selenite to 63.8 ppm and 
-86.1 ppm for nosean selenide [9-13], indicating a reduction in the Sp3 hybridisation of 
the cage associated with a larger tilt angle of the framework tetrahedra to accommodate 
the smaller selenide anion 
In a similar way, the cell dimension for nosean [3] sulfate changed from 9.08 A to 
"" 9.03 A for nosean sulfide [10-14] on reduction in hydrogen. Infra-red analysis 
confirmed the loss of the sulfute anion by the disappearance of the T2 absorption at 1105 
cm-I. Solid-state nuclear magnetic resonance showed that the 27 AI and 29Si NMR bands 
had shifted upfield from 59.4 ppm and -91.2 ppm for nosean [3] sulfute to 58.8 ppm and 
-87.7 ppm for nosean sulfide [10-14]. It is noteworthy that the cell dimensions for the 
sulfur-based species are slightly larger than those of the corresponding selenium based 
species. On the basis of the sizes of sulfur and selenium, this is the opposite from what 
would be expected. The likely cause of this anomaly is that the parent selenite material 
was synthesized in solution and hence it is possible that hydroxide can partially substitute 
for the selenite on the central anion site. In the case of the sulfute, which was prepared by 
the solid-state method, this is not possible and it is likely that the central anion site is 
fully occupied by the sulfute anion. 
Both nosean [1] selenite and nosean sulfate [4] was reduced to a franIework 
containing encapsulated NS4X tetrahedra where X can be Se [9,13] or S [10,14]. From the 
refmements the Na-Se bond distance was derived as 2.746 (5) A for nosean selenide-H2 
[9] and 2.815 (1) A for nosean selenide-90 % H2/10 % H2S [13] while the Na-Se bond 
angles were calculated to be 109 (5) 0. These Na-Se bond distances are smaller then the 
literature Na-Se bond distance of 2.94 A, which was already obtained from the single-
crystal determination of Na2Se. 6 The derived Na-S bond distance was determined to be 
2.624 (6) A for nosean sulfide-H2 [10] or 2.669 (1) A for nosean sulfide- 90 % H2/10 % ' 
H2S [14] while the Na-S bond angle were determined to be 109.47 (1) 0. These Na-S 
bond distances are again slightly shorter then the literature Na-S bond distance of 2.826 
A. The shorter Na-X bond distances probably reflect the lower coordination geometry of 
the sodium cation in the sodalite cage which consists of three short and three long 
bonding interactions to the framework plus an additional single bond to the central mion 
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(giving a seven-fold geometry) in comparison to an eight fold geometry in the reference 
materials. 
In the case of the sulfide, oxidation regenerated the sulfute starting material while 
the selenide was oxidized to form selenate. The cell dimension for nosean selenide [9-13] 
expanded from "" 8.99 A to "" 9.09 A for nosean selenate [16]. This provided good 
evidence for a larger occluded anion, as the cell dimension for the selenite starting 
material was 9.01A. In addition, the infra-red results supported this hypothesis since 
comparison of the results for nosean [1] selenite and nosean selenate [16] showed that the 
encapsulated pyramidal selenite anion (C3.) was converted to the tetrahedral selenate (Td) 
anion as the two infra-red bands for the selenite anion seen at 787 cm"t and at 816 cm"t 
was replaced by one infra-red for the selenate anion seen at 892 cm"t. S Raman 
spectroscopy confirmed the presence of the selenate anion as Raman absorptions were 
observed at 895 cm"t(T2) and 845 cm"t (At). The framework tilt angle was a1s~ reduced 
on oxidation of the selenide species to selenate, since the selenate species is larger than 
the corresponding selenide or selenite, the framework tetrahedra are not required to tilt as 
dramatically to allow coordination of the framework oxygen atoms to the occluded 
cation. The smaller deformation of the framework tetrahedra was confirmed by solid-
state nuclear magnetic resonance where the XI AI and 29Si NMR resonances had shifted 
downfield from 63.8 ppm and -86.1 ppm for nosean selenide [9-13] to 59.4 ppm and-
90.9 ppm for nosean selenate [16]. 
Regeneration of the original nosean sulfute framework was confirmed as the cell 
parameter of the framework changed from nosean sulphide [9-13]"" 9.03 A to "" 9.08 A 
for nosean sulphate [17]. This cell dimension is in excellent agreement with the literature 
nosean sulphate cell dimension of 9.08 A. 4 The S-O bond distance was derived as "" 
1.46 A with the O-S-O bond angle being perfectly tetrahedral at 109.47 (1)0. This is 
slightly shorter then the literature derived distance for the S-O bond distance in nosean 
sulfute of 1.54 A but gave a realistic sulfur valence of +6 using bond valence 
calculations.' Infra-red analysis confirmed the presence of the sulfute anion by the T2 
absorption at 1105 cm"t. MASNMR showed the original framework had been 
regenerated by chemical shifts of 58.8 ppm e' AI) and -87.7 ppm ~Si), which are 
identical to the nosean sulfate starting material. 
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Rietveld analysis of the selenium oxyanions gave derived bond distances of 1.83A 
around the encapsulated pyramidal selenite anion with a bond angle of 95°, which 
shortened to .. 1.59 A with a perfect tetrahedral bond angle of 109.47° for the selenate 
anion. Bond valence calculations 7 were in good agreement with the theoretical valence 
of +4 and +6 respectively for the selenite and selenate species. 
Key results for the nosean experiments are summarized in Tables 6-1-6.4 
Table 6.1: Key X-ray Diffraction and Spectroscopic Data for the Nosean Selenite !1l and 
Sulfate Starting Materials [3] . 
Nosean selenite [1] Nosean sulfate [3] 
Nas(AlSi04)6(Se03) Nas(AlSi04)6(S04) 
. 
X -ray diffraction Cell dimension = 9.0076 (8) A Cell dimension = 9.0871 (5) A 
Se-O 1.832 (8) A s-o 1.462 (3) A 
O-Se-O 94.99 (4) ° O-S-O 109.47 (1) ° 
Nosean framework: 997 cm·" Nosean framework: 997 cm-', 
Infra-red analysis 696 cm-I, 668 cm-I, 458 cm-I. 696 cm-t, 668 cm-I, 458 cm-I. 
SeOl- anion (C3.): 816 cm-I sol- anion (Td): 1105 cm-I. 
and 787 cm-I. 
Nosean framework: 995 cm-' 
Raman spectroscopy and at 220 cm-I. seOl- anion 
(C3.): 815 cm-I, 790 cm-\ 450 
-
cm·\ 400 cm-I. 
Solid state nuclear magnetic ""AI band - 59.4 ppm. . ""AI band = 59.4 ppm. 
resonance 29Si band = -88.0 ppm. 29Si band = -91.2 ppm. 
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Table 6,2' Key X-ray Diffraction and Spectroscopic Data for the Nosean Selenide [9-13] 
and Sulfide n 0-14] Generated from Reduction in HI or HzlHzS . 
. 
Nosean selenide [9-13) . Nosean sulfide [10 -14) 
Nas(AlSi04)6(Se) Nas(AlSi04)6(S) 
X-ray diffraction Cell dimension = '" 8.99 A· Cell dimension = '" 9.03 A 
Na-Se 2.75 - 2,81 A Na-S '" 2,6 A 
Na-Se-Na 109.47 (1) 0 Na-S-Na 109.47 (1) 0 
. 
Infra-red analysis Nosean framework: 990cm'l, Nosean framework: 994 
. 
cm~l, 
706 cm·l, 661 cm'l, 462 cm'l. 702 cm'l, 661 cm'l, 460 cm'l. 
SeOl' anion (C3v): -. sol' anion (Td): -. 
Solid state nuclear magnetic 27 AI band = 63,8 ppm. 27 AI band = 58.8 ppm. 
resonance 29Si band = -86.1 ppm. 29Si band = -87.7 ppm. 
* The sample produced via reduction in the hydrogen sulfide/hydrogen mixture was 
slightly smaller than produced via annealing in hydrogen alone. This may suggest partial 
substitution of selenium by sulfur in the cage. On reoxidation the presence of sulfute was 
not identified by 1R analysis, suggesting that any substitution is at a very low level. 
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Table 6.3: Key X-ray Diffraction and Spectroscopic Data for the Nosean Selenate [161 
and Sulfate [171 Generated from Oxidation in O~ . 
Nosean selenate [16J Nosean sulphate [17] 
Nas(A1Si04)6(Se04) Nas(A1Si04)6(S04) 
X-ray diffraction Cell dimension = .. 9.09 A Cell dimension = .. 9.08 A 
Se-O ",1.59 A S-O .. 1.46A 
O-Se-O 109.47 (1) 0 O-S-O 109.47 (1) 0 
Infra-red analysis Nosean framework: 1004 cm-I, Nosean framework: 999 cm-I, 
698 cm-I, 656 cm-I, 454 cm-I. 698 cm-I, 658 cm-I, 455 cm-I. 
, 
Se04- anion er d): 892 cm-I. sol- anion (T d): 1105 cm-I. 
Solid state nuclear magnetic AI27 band = 59.39 ppm. A127 band = 59.39 ppm. 
resonance Si29 band = -90.93 ppm. Si
29 band = -91.18 ppm. 
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Table 6.4· Comparison of Key Diffraction and Spectroscopic Data Obtained for Nosean 
Selenite [I} and Nosean Selenate [16] 
Nosean selenite [1] Nosean selenate [16] 
Nas(AISi04Mse03) Nas(AISi04MSe04) 
X-ray diffraction Cell dimension = 9.0107 (9) A Cell dimension = ,., 9.09 A 
Se-O 1.832 (8) A Se-O ,., 1.59 A 
O-Se-O 94.99 (4) 0 O-Se-O 109.47 (1) 0 
Infra-red analysis Nosean framework: 995 cm"! Nosean framework: 1004 cm"!, 
696 cm"\ 668 cm"\ 458 cm"!. 698 cm"!, 656 cm"!, 454 cm"!. 
SeO? anion (C3v): 816 cm"! Se04" anion (fd): 892 cm"!. 
and 787 cm"!. 
Nosean framework: 995 cm"' Nosean framework: 985 cm"'. 
Raman spectroscopy and at 220 cm"!. 
SeO? anion (C3v): 815 cm"\ Se04" anion (f d): 895 cm"\ 845 
790 cm-I, 450 cm"\ 400 cm"!. cm"! and at 430 cm"!. 
Solid state nuclear magnetic 27 AI band = 59.4 ppm. 27 AI band = 59.4 ppm. 
resonance 29Si band = -88.0 ppm. 29Si band = -90.9ppm. 
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6.1.2 Further Work 
6 1.2.1 Further Annealing Experiments 
Many of these experiments could be performed under different annealing conditions to 
possibly prepare different species or new routes to the same species. For example, the 
original selenite starting material could be heated under oxygen to attempt to oxidize the 
tetravalent Seot species to the hexavalent seO/- species. In addition, less reducing 
conditions could be used on the sulfate species to possibly produce other sulfur-based 
. species such as solo. This could possibly be facilitated using nitrogen or argon 
annealing rather than the severely reducing, hydrogen. Similarly the reduced sulfide and 
selenide could be treated with air to partially oxidize the material rather than force the 
anion to the most oxidized state. 
6.1.2.2 Further Characterisation 
Any further characterization should probably be undertaken after washing the reduced 
materials using bromine water to remove any bulk metal chalcogenide. This would then 
preclude that the oxidation/reduction is undergoing on surface species rather than the 
occluded anions themselves, although this is very unlikely due to the changes in cell 
parameters and the good Rietveld fits obtained. 
Although the IR spectroscopic analysis provides good evidence for the 
identification of the products, it would be useful to confirm the coordination geometry of 
the central species using another technique. For example, Se-edge EXAFS could be used 
to confirm the coordination number and geometry of the anion. 
Finally, Raman analysis could be used on the coloured products in an attempt to 
properly characterize the coloured species and ascertain if they are really 
polychalcogenide species. 
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6 2 Hauvne- based Annealing Experiments. 
Hauyne frameworks [CazNlI6(AlSi04)6(X)] where X = soi- [6], TeOJ2- [4] and M004 2-
[5] and [M~II6(AlSi04MX)] where X = sot were prepared by high temperature 
methods. These materials were then fully characterized by powder X-ray diffi"action and 
1R spectroscopy to ensure sample purity and identity the enclatherated species, before 
structure refinement using Rietveld analysis. In the case of the telluride based species, 
the central group was identified as tellurite rather than tellurate as previously proposed.8 
The most appropriate model for refinement of the pyramidal group, TeOl-, was chosen 
on the basis of the best fit after refinement using the three previously proposed models.I-3 
The tetrahedral sulfate and molybdate groups were refined using the hauyne model of 
Hassan and Grundy from the literature.9 
The parent nosean structures were then heated under H2 or under 90 % H2/1 0 % H2S 
in an attempt to reduce the encapsulated anion to telluride, molybdate (IV) or sulfide. X-
ray diffiaction was used to ascertain sample purity and the change in the anion was 
confirmed by IR spectroscopy for the tellurium and sulfur based species. No change was 
observed for the molybdate or sulfate compound. The reduced telluride material was 
then structurally characterized by the Rietveld refinement of powder X-ray diffraction 
data and changes in the sp3 hybridisation of the tetrahedral framework species. and the 
central anion was examined using solid state nuclear magnetic spectroscopy for Z7 AI and 
29Si nucleii. 
Finally, oxidation of the reduced materials was facilitated by annealing in oxygen. IR 
spectroscopy and powder X-ray diffiaction were used to confirm reoxidation had taken 
place. ' Although the sulfate was regenerated in the case of the sulfur-based material, 
oxidation of the tellurium-based species was unsuccessful and led to the formation of 
nepheline. The changes in the occluded sulfur-based species were confirmed by 1R and 
Raman spectroscopy and the structures were refined using the Rietveld method. 
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6.2 1. Salient Data Confinning Reduction/Oxidation Reactions 
On hydrogen annealing the cell dimension for hauyne [4] tel1urite was reduced from '" 
9.10 A to '" 9.08 A for hauyne tel1uride [15]. Infra-red analysis showed the loss of the 
TeOl" anion by the disappearance of the tel1urite bands at 775 cm"I.4 Solid-state nuclear 
magnetic resonance showed that the Z7 AI and 29Si NMR resonances had shifted upfield 
indicating a reduction in the Sp3 hybridisation of the cage associated with a larger tilt 
angle of the framework tetraehdra to accommodate the smal1er telluride anion. 
Hauyne [4] tellurite was reduced to a framework containing an encapsulated 
N84Te tetrahedron. From the refinements the Na-Te bond distance was derived as 3.263 
(5) A and the bond angle was derived as 109.4(5)°. These Na-te bond distances are 
slightly longer than the literature Na-Te bond distance of 3.167 A, which was already 
obtained from the single-crystal determination of Na2Te.6 The longer Na-Te bond 
. distances probably reflect the higher coordination geometry of the sodium cation in the 
sodalite cage which consists of three short and three long bond interactions to the 
framework plus an additional single bond to the central anion (giving a seven-fold 
geometIy) in comparison to an octahedral geometry in the reference material. The 
oxidation of the material back to the tel1urite material may have been unsuccessful due to 
the formation of tel1urate. Since the tilt angle in the tellurite material is very smal1, this 
implies that the cage is almost fully expanded and hence occlusion of a larger anion 
would not be possible. 
On hydrogen annealing the cel1 dimension for magnesium hauyne [8] sulfate 
hardly changed increased from'" 9.11 A for magnesium hauyne sulfide [15]. Infra-red 
analysis showed the loss of the SO/" anion by the disappearance of the sulfate T2 band at 
at 11 05 cm"I.' The indifference of the cell paranIeter to hydrogen annealing is 
unexpected and may be related to formation of the coloured product. The green-blue 
coloration is typical of the polysulfide species S3", Si, which are the coloured species in 
ultramarine.9 Both these species will be significantly larger than the sulfide or suifate and 
hence may explain the expansion observed. On oxygen annealing the starting material 
was regenerated with a near identical cel1 parameter indicating that the coloured species 
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is altered by oxygen annealing. This is also typiCal ultramarine, where annealing above 
600°C leads to production of the sulfate anion within the sodalite cage and loss of colour. 
Key results for these experiments are summarized in Tables 6.5 and 6.6 
Table 6.5: Key X-ray Diffraction and Spectroscopic Data for the NlI6Ca2(AlSi04)6(Te03)· 
[41 and N!!6Mg!(AlSiOY&!SO.) Starting Materials ~ 
X-ray diffraction Cell dimension = 9.1034 (8) A 
Te-O 1.802 (8) A 
O-Te-O 98.03 (4) ° 
Cell dimension = 9.1123 (5) A 
S-O 1.502 (6) A 
o-s-o 109.47 (I) ° 
Hauyne framework: 1013 cm", Hauyne framework: 694 cm" , 
Infra-red analysis 697 cm"\ 645 cm"l. 668 cm"1 
Te032" anion (C3.): 773 cm"1 SOl" anion (Td): 1056 cm"l. 
6.2.2 FurtherWork 
6.2.2.1 Further Annealing Experiments 
Many of these experiments could be performed under different annealing conditions to 
possibly prepare different species or new routes to the same species. For example, the 
reduced telluride product could be heated in air rather than oxygen to attempt to reoxidize 
to the tetravalent TeOl- species, rather than the larger tellurate. In addition, the less 
reducing conditions could be used on the sulfate species to possibly produce other sulfur-
based species such as SOl". This could possibly be facilitated using nitrogen or argon 
annealing rather than the severely reducing hydrogen. Similarly the reduced sulfide and 
. telluride could be treated with air to partially oxidized the material rather than force the 
anion to the most oxidized state. 
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Table 6.6: Key X-ray Diffiaction and Spectroscopic Data for the NlI6Ca2(AlSi04)6Te2 
!lSI and Nll6Mg.(AlSiO~~S~ (12) Generated from Reduction in H~ or H;iHzS .. 
NlI6Ca2(AlSi04)6T~ [15) Na.;Mg,(AlSi04)6S2 [12] 
X-ray diffraction Cell dimension = '" 9.08 A' Cell dimension = '" 9.11 A 
Na-Te 3.263(5) A Na-S '" 3.386A 
. 
Infra-red analysis Hauyne framework 1013 cm"\ Hauyne framework 694 
726 cm"\ 697 cm"l, 645 cm"l. 668 cm"1 
6.2.2.2. Further Characterization 
Any further characterization should probably be undertaken after washing the reduced 
materials using bromine water to remove any bulk metal chalcogenide. This would then 
preclude that the oxidation/reduction is undergoing on surface species rather than the . 
occluded anious themselves, although this is very unlikely due to the changes in cell 
parameters and the good Rietveld fits obtained. 
Although the IR spectroscopic analysis provides good evidence for the 
identification of the products, it would be useful to confirm the coordination geometry of 
the central species using another technique. For example, Te-edge EXAFS could be used 
to confirm the coordination number and geometry of the anion. 
Finally, Raman analysis could be used on the coloured products in an attempt to 
properly characterize the coloured species and ascertain if they are really 
polychalcogenide species. 
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